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Autocatalytic reactions are a powerful tool for material transformation owing to their 
amplification of minor stimuli to effect dramatic change. Frontal polymerization (FP) is an 
autocatalytic, propagating reaction wave driven by the exothermic polymerization of a monomer. 
A small thermal stimulus is applied locally to a solution of monomer and initiator, activating 
polymerization. The polymerization releases heat, accelerating the reaction, and ultimately 
producing a propagating wave of polymerization that quickly converts all available monomer to 
polymer. FP is characterized by its high rate of reaction and minimal requisite input energy. As 
such, there has been significant interest in utilizing this reaction for polymer synthesis. The 
majority of previous work in this area focused on FP in test tubes or similar reactors using 
radical polymerization or epoxy polymerization. It was thus desirable to move beyond this 
paradigm to achieve direct fabrication of functional, high-performance polymer and composite 
materials. 
We first envisioned using the transformation of liquid monomer to solid polymer to 
reinforce a flexible material. A triacrylate monomer, peroxide initiator, and thixotropic fumed 
silica filler were used to infiltrate microvasculature embedded in a flexible PDMS matrix. 
Radical FP of this solution produced a polyacrylate endoskeletal structure that stiffened the 
overall material. However, it soon became polymers with greater strength and stiffness than 
these acrylic species would be required to create high-performance materials. 
Frontal ring-opening metathesis polymerization (FROMP) of dicyclopentadiene (DCPD) 
produced a better polymer product, since PDCPD is used industrially for products like truck 
body panels and agricultural equipment. FROMP had previously been limited by high catalyst 
loading requirements and short working time (<1 h). We were able to reduce the catalyst loading 
 iii 
by 3-5 fold by performing FROMP with the more reactive exo-isomer of DCPD, ultimately 
performing a successful FROMP with catalyst loadings as low as 10 ppm. We then discovered 
that the addition of alkyl phosphite inhibitors improved the pot life of the FROMP reaction by up 
to 140 fold. In addition to enabling an extended processing window for the liquid monomer 
solution, the alkyl phosphite inhibition facilitated FROMP of the gelled solution. Gels were 
shown to facilitate applications such as shape-fixing, morphing structures, surface patterning, 
3D-printing, and rapid vascularization. 
Before applying the FROMP chemistry to a composite, we developed a model system to 
understand the effects of the reinforcing fibers on the reaction. Herein, we showed that 
conductive elements like carbon fibers (CF) accelerate FP through enhanced thermal transport, 
while insulating fibers produce no effect. A computational model validated our hypothesis. We 
used the phosphite inhibition strategy to perform vacuum-assisted resin transfer molding and 
subsequent FROMP of a PDCPD-CF laminate. The resulting composite was high quality and 
exhibited promising mechanical properties. We anticipate the versatility and ease of use of this 
chemistry will greatly facilitate the development of new materials and applications using 
FROMP. Additionally, we explore the possibility of performing synthetic morphogenesis of 
functional materials using FP. Many opportunities lie ahead for application of reaction-diffusion 












At a bench in the lab, there lived a chemist. Not a comfortable, painted, seating bench 
good for relaxing and reading a book, nor a wooden, scratched, carpentry bench adorned with 
chisels and saws: it was a chemist’s bench, and that means science. 
This chemist was a new member of the Moore group, and his name was Robertson.  
Chemists had lived at the University of Illinois for time out of mind, and people considered their 
work very interesting, not only because they made curious molecules, but because they always 
worked in flasks and tubes of various sorts: you could tell whether a chemist would like a 
reaction by whether it could be performed in a glass container. This is a story about how a 
chemist started a project, and found himself working with things altogether unexpected. He may 
have lost some of his reaction vessels, but he gained – well, you will see whether he gained 
anything in the end. 
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would hasten to jot some of them down in hopes of jump-starting my project. I am thankful for 
his laissez-faire approach to advising, which built my independence as a scientist and helped me 
bring my work to exciting new areas. Furthermore, I am grateful for Jeff’s unceasing 
commitment to his group members’ well-being. With Jeff’s help and encouragement, I have 
learned how to use failures to beget growth and insight. I would not be the scientist or person I 
am today without his support. 
I would also like to thank my thesis committee: Professors Scott White, Nancy Sottos, 
and Cathy Murphy. Their comments and advice have been incredibly helpful for my project and 
beyond. Professor White has been an excellent source of motivation during graduate school. He 
taught me to look beyond the results that currently seem possible and exceed all expectations. He 
also got me into making composites, which are, frankly, the coolest materials. Professor Sottos 
taught me about the world of material mechanics and showed me the importance of attention to 
detail (particularly the art of proper figure coloring). Professor Murphy introduced me to 
materials chemistry in my first year of graduate school. Her class was an excellent gateway to 
the subject and built a firm foundation for the rest of my graduate education. 
The Autonomous Materials Systems group has been an amazing collaborative 
environment in which to work. I have greatly benefited from the ability to readily discuss 
concepts and ideas with mechanical engineers, aerospace engineers, and materials scientists. 
Thanks to the current FROMP team: Dr. Mostafa Yourdkhani, Polette Centellas, Leon Dean, 
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real world. Thanks to Emmy Pruitt, my first undergraduate collaborator, for her excellent work 
and company during the early days of FROMP. I’m excited to see where your career goes next. 
Also, thanks to current and former collaborators Harshit Agarwal, Sang Yup Kim, Mayank Garg, 
Dr. Josh Grolman, Hector Lopez Hernandez and Dr. Jun Li. While I can’t thank the rest of the 
AMS members by name, I appreciate all the feedback and support you’ve given me over the past 
five years.  
The Moore Group has been an excellent home during graduate school, both for research 
and for life. The group is kind of a family, and the atmosphere of support it has provided has 
been crucial to my success. Special thanks to my early mentor in the group, Dr. Charles 
Diesendruck, for sharing a hood with me, teaching me about chemistry, and administering timely 
first-aid.  Thanks to Dr. Olivia Lee for talking with me after my prelim and for her excellent 
editing skills. I’d also like to thank the senior graduate students and post-docs in the Moore 
group who taught me so much during graduate school: Dr. Windy Santa Cruz, Dr. Hefei Dong, 
Dr. Catherine Casey, Dr. Maxwell Robb, Dr. Kristin Hutchins, and Dr. Ke Yang. Thanks to Dr. 
Yi Ren, Anna Yang, Dr. Jun Li, and Shijia Tang who all joined the Moore group with me, when 
we thought Jeff would only take three people. I’ve enjoyed fun conversations with all of you and 
am grateful for your company. Thanks to Jose Zavala and Abby Halmes for working with me in 
Encouraging Tomorrow’s Chemists and then in managing the lab. I appreciate your hard work 
and support. Special thanks to Dr. Adam Feinberg, Dr. Vivian Lau, and Evan Lloyd for 
assistance in editing this dissertation. Thanks to all the rest of the former and current Moore 
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Thanks to Ashley Trimmell, the real organizing force behind the Moore Group. I’ve 
learned a lot about what she does over the past year and I am truly grateful that we have someone 
as organized and careful as her in charge of everything.   
I also want to acknowledge my friends and family. In particular I want to thank my wife, 
Annie, for her unconditional love and support. She has been my light in dark places and my 
unwavering companion. I could not have completed this work without her. I’d also like to thank 
my parents, who instilled in me the value of hard work and an excitement for scientific inquiry. 
Their love and encouragement has meant so much throughout my life. Thanks also to my in-
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Chapter 1: Introduction 
1.1 Overview of Frontal Polymerization 
People have harnessed self-propagating chemistry for thousands of years. Fire produced 
via combustion is the archetypal autocatalytic reaction. A small spark may ignite a forest, 
immeasurably amplifying the effect of the initial stimulus. Materials with high chemical 
potential are fed into the fire, and heat and light are released. The power evidenced by this 
chemical reaction led people to harness and use it productively, ultimately facilitating 
civilization as we know it. In a modern context, autocatalytic reactions are widely used as a 
means of amplifying minute physical or chemical stimuli to engender substantial change in 
material structure or function.
1
 Self-propagating reactions, including combustion, base 
proliferation, and frontal polymerization, are advantageous because of their low energy 
requirements, since the initial stimulus is the only requisite input energy.
2–5
 This stimulus ignites 
a self-sustaining reaction, perpetuating itself via the reaction’s thermal energy release and 
chemical products. Frontal polymerization (FP) is a useful class of autocatalytic reaction that 
forms a propagating reaction wave which travels directionally through a monomer solution to 
polymerize it in a spatiotemporally variable manner.
5
 Unlike combustion, which destroys the 
mechanical integrity of its fuel, FP transforms its fuel, the monomer, into extensive polymer 
networks often possessing desirable mechanical properties. FP has been demonstrated in three 
distinct modes: isothermal FP, photo-FP and thermal FP.  
Isothermal FP is based on the Norrish-Trommsdorff gel effect, wherein high viscosity 
regions of a monomer solution (gel) polymerize faster than low viscosity regions due to reduced 
termination events. A seed material that locally increases viscosity in the solution will initiate a 
propagating wave of gelation and subsequent polymerization. Unlike other examples of FP, 
 2 
isothermal FP does not require substantial heat release to promote reaction since it is driven by 
viscoelastic effects rather than Arrhenius kinetics. However, the process is necessarily slow and 
has only been demonstrated to propagate over several centimeters, limiting its applications.  
Photo-FP is driven by a continuous input of light to the front, since the enthalpy of 
polymerization alone is insufficient to propagate the reaction.
6
 Additional energy delivered via 
UV-light activates a photoinitiator or monomer in the solution to create the reaction wave. As 
soon as the light is removed, the polymerization is quenched. Photo-FP has been used to 
fabricate gradient optical materials, microfluidic chips, and origami materials.
6–8
 Photo-FP 
should not be confused with photo-initiated thermal FP, which requires no light source after the 
initiation event. 
Thermal FP is by far the most well-explored type of FP, and is the focus of this work. 
The thermal FP reaction is driven by energy generated during an exothermic polymerization. A 
small thermal, chemical, or photo stimulus locally activates a latent initiator in an unstirred 
monomer solution. The active initiator begins polymerization, releasing thermal energy and 
heating the surrounding monomer. The elevated temperature activates more initiator and 
accelerates polymerization. The reaction cascades into a wave of polymerization that propagates 
through the monomer without further stimulus, transforming available monomer into polymer. 
The propagating polymerization wave or “front” can travel at speeds greater than 30 cm/min.
9 
These reactions are typically run in neat monomer, although several examples of FP in solvent 
have been demonstrated. It is often advantageous that the polymer is crosslinked, so that the 
polymer product is a solid rather than a molten fluid. FP of linear polymers is possible; however, 
it may be challenging to control given the fluid instabilities that arise from molten polymer 
diffusing or dissolving into monomer near the front. 
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FP is enabled by a disparity in reaction rate between a resting state and an active state. A 
monomer solution is be stable in its resting state, but upon stimulus the polymerization begins, 
locally bringing the reaction to its active state and facilitating propagation with spatiotemporal 
control. Achieving a sufficiently different overall polymerization rate (kobs) between resting and 
active states is critical to achieve a useful pot life. Pot life in FP is used to describe the duration 
between the mixing of reactive components and the time at which FP can no longer occur due to 
decomposition or reaction of the reagents. If there is an insufficient difference in kobs between 
resting and active states, spontaneous polymerization (SP) in the bulk solution will either result 
in reagent depletion or will compete with FP during propagation. Competition between SP and 
FP may result in front quenching or an incomplete polymerization. The difference between  the 
reactivity of the resting and active states is a function of Arrhenius kinetics. The resting state 
represents kobs at ambient temperature. Upon heating, the solution transitions to the active state, 
which represents the elevated kobs at the front temperature. The differential kobs is dependent on 
the activation energy (Ea) of the system. Increasing the Ea will both reduce the reaction rate at 
any given temperature and increase the temperature dependence of the reaction according to the 
Arrhenius equation (1). 
       
   
       (1) 
Since the Ea for the initiation reaction is typically greater than the Ea for propagation or 
termination, the effective Ea of the system is based on the Ea of the initiator. Thus, FP requires 
initiators that have sufficiently high activation energies to prevent SP, but not so high that they 
prevent reaction at the front temperature. 
FP also requires the monomer to possess a sufficient energy density to substantially 
increase its own temperature upon reaction. The maximum adiabatic temperature is a function of 
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the initial temperature and the energy density of the monomer as determined by its molecular 
weight (m), enthalpy of polymerization (    , and specific heat (c) (2).  
         
   
  
 (2) 
FP reactions can increase by 70-300 °C from room temperature at the front. Most use case 
scenarios for FP do not occur in adiabatic reaction vessels. Thus, FP also requires a high kp so 
heat is generated faster than it is lost to the environment. If too little thermal energy is produced 
by the reaction or if it is released too slowly, the front may be quenched. As will be discussed 
later, certain geometries and modes of FP are particularly susceptible to quenching in this way.  
1.2 Chemistry for Frontal Polymerization 
1.2.1 Free-Radical Frontal Polymerization  
Free-radical FP is by far the most common due to its attractive characteristics. The 
initiation rate for radical FP is typically based on homolysis of the O-O or C-N bond in a radical 
initiator, which may possess a relatively high Ea (ca. 35 kcal/mol)
10
 compared to other 
polymerization initiators. As previously discussed, this engenders an extended pot life for these 
reactions. Radical polymerization is also rapid and highly exothermic, with the conversion of 
olefin double bonds to single bonds producing between 10 and 20 kcal/mol. Furthermore, the 
components are relatively inexpensive acrylates and peroxides. These advantages led radical FP 
to be widely used for many fundamental FP studies. FP was first demonstrated by Chechilo et al. 
in 1972 using the radical polymerization of methyl acrylate with benzoyl peroxide (BPO).
11
 In 
that work, the researchers demonstrated propagating thermal polymerization fronts could be 
initiated at pressures >3500 atm. The high pressure prevented bubble formation from BPO that 
could arise during the high temperature process; however, this necessitated the use of metal 
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reaction vessels which prevented direct observation. Further studies by Chechilo et al. 
demonstrated the effect of pressure on polymerization rate, whereby increasing pressure 
increased kp and, thus the speed at which the front propagated (frontal velocity).
12
 Pojman 
rediscovered FP in 1991, using radical polymerization of methacrylic acid with benzoyl 
peroxide,
13
 and has since authored >150 papers on FP, including comprehensive reviews in 1996 
and 2012.
5,14
 Radical FP has been used to study the effect of reactor geometry, vessel orientation, 
initiator concentration, viscosity, and other factors on FP dynamics. In addition, the ease of setup 
for the reaction has facilitated its use in applications such as stone consolidation, wood filler, 
adhesive, and modeling clay. In chapter two, we investigate the use of radical FP to fabricate 
rapidly stiffened structures from flexible precursor materials via the formation of a reinforcing 
endoskeleton. 
The most limiting aspect of radical FP is the poor mechanical properties of the resulting 
polymer. Most radical initiators produce volatile byproducts that remain trapped as voids in the 
material. These voids substantially reduce the strength of the polymer and limit its applications.
15
 
Gas formation may be avoided by increasing the pressure, as demonstrated by Chechilo et al.; 
however, this is impractical for most experiments. Increasing the viscosity of the solution by 
adding a large amount of thixotropic filler material may also suppress bubble formation, but at 
the cost of reducing the energy density of the material (and thus the frontal velocity). As another 
solution, Mariani et al. demonstrated a number of phosphonium-persulfates that produce no 






1.2.2 Frontal Polymerization of Epoxy 
FP of epoxy has also been explored because of the advantageous mechanical properties 
of the epoxy polymer. Chekanov et al. showed that frontally polymerized epoxy possessed 
comparable mechanical and thermal properties to epoxy produced by conventional thermal 
curing techniques.
17
 Mariani et al. showed that epoxy FP can be ignited via UV-light.
18
 Frulloni 
used the cure kinetics of epoxy to develop a numerical computational model of FP that could 
accurately predict frontal velocity and temperature.
19
 
Epoxy FP has generally been limited by either low pot life or low kp. Widely used amine 
curing agents react quickly with the epoxide monomer to produce a rapid increase in viscosity 
from SP. While SP can be slowed by reducing the concentration of curative, the amine-epoxy 
reaction is stoichiometric, so the mechanical properties of the polymer will be affected. Recent 
work by Mariani and others has circumvented the problem by using a coupled radical induced 
cationic curing strategy in place of the traditional amine.
20–22
 Radical chemistry provides the 
aforementioned extended pot life, while still producing a high-quality epoxy polymer through a 
cationic polymerization mechanism. Thus far, this strategy still requires the FP to be run at 
elevated temperature to provide a sufficiently high kp. However, future developments in radical 
induced cationic curing may improve the viability of this method. 
 
1.2.3 Frontal Ring-Opening Metathesis Polymerization of Dicyclopentadiene 
Polydicyclopentadiene (PDCPD) is a polymer of growing importance in the fabrication 
of durable parts due to its high fracture toughness, impact resistance, stiffness, and chemical 
resistance.
23
 PDCPD can be synthesized by the frontal ring-opening metathesis polymerization 
(FROMP) of dicyclopentadiene (DCPD) using a ruthenium catalyst in the presence of an 
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inhibitor to increase the Ea of the catalyst. The durable product and high rate of reaction make 
the FROMP of DCPD particularly attractive. FROMP was first demonstrated by Mariani and 
Pojman in 2001 using first generation Grubbs’ catalyst and a triphenylphosphine inhibitor. 
However, the triphenylphosphine inhibitor only slightly slowed the reaction. Therefore the 
solution had to be flash frozen to prevent SP. FROMP could then be performed on the solid 
monomer. Ruiu et al. revisited FROMP in 2014, demonstrating that 4-dimethylaminopyridine 
could act as an inhibitor for second generation Grubbs’ catalyst (GC2), allowing for a pot life up 
to 30 min. Alzari et al. showed that limonene could retard the metathesis reaction by forming a 
less active intermediate complex which extended the pot life to nearly an hour, but reduced the 
stiffness of the resulting polymer.
24
 Much of the work contained herein focuses on improvements 
to the FROMP reaction and its applications.
25,26
 
1.3 Additional Considerations for Frontal Polymerization 
Beyond the chemistry of frontal polymerization, there are a variety of physical 
phenomena that affect the reaction, including convection, thermal instabilities, bubbles, and non-
reactive components. Each factor should be considered when designing an FP experiment or 
application, since they can significantly alter the reaction dynamics as well as the properties of 
the polymer product.  
1.3.1 Convection 
Frontal polymerizaton in liquid monomer requires consideration of how the fluid 
dynamics of the system will be affected during reaction. Buoyancy driven convection plays a 
significant role. If the FP is propagating upwards, the heated monomer from the front will rise 
ahead of the front due to its reduced density, enhancing the heat transfer of the reaction and 
accelerating it.
27,28
 Bazile et al. showed that changing the orientation of the reaction vessel could 
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significantly affect frontal velocity by manipulating convection.
29
 Most exploratory studies of FP 
use a vertically descending front as a standard measure of frontal velocity, since the descending 
mode eliminates the convection driven acceleration.  
1.3.2 Thermal Instabilities 
If an FP reaction has low energy density, high heat loss, or high Ea, several interesting 
instabilities and patterns can develop. Spin modes are the most commonly observed instability in 
cylindrical reaction vessels, where FP will propagate in a descending helix through the tube.
30
 
Spin modes with multiple “heads” or hot spots have also been observed. Since spin modes result 
in a non-uniform curing across the material, the structural integrity of the resulting material is 
often compromised. As such, FP for the purpose of synthesizing structural materials should 
avoid inducing spin modes. Harnessing these instabilities for productive means may be a fruitful 
avenue for future work. For example, additive chemistry could be developed to react according 
to the helical pattern formed by the spin modes, autonomically producing a functionally 
patterned material. 
1.3.3 Bubbles 
The high temperatures present in FP often result in gas formation from volatile 
byproducts or even the monomer itself. As previously mentioned, these bubbles are typically 
problematic for the mechanical properties of the polymer; however, their formation may actually 
accelerate FP. Similar to convection, the expansion of bubbles during front propagation can push 
heated monomer from the front ahead of the main reaction zone, enhancing thermal transport and 
accelerating FP. Unlike the thermal instabilities previously described, bubble formation is 
inherently chaotic, and would be challenging to use productively. 
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1.3.4 Non-Reactive Components 
The incorporation of non-reactive fillers significantly affects frontal dynamics. Fillers 
such as fumed silica and kaolin clay have been widely used to increase the viscosity of the FP 
solution, limiting convection and bubble formation while increasing frontal stability.
14,20,31
 Fillers 
may also improve the mechanical properties of the resulting polymer. However, since the fillers 
are non-reactive they will reduce the energy density of the solution according to their relative 
concentration.  Viner et al. explored a model of FP in the presence of phase change materials, 
where the filler was a low Tm thermoplastic that melted below the front temperature. The phase 
change was designed to absorb some of the reaction’s thermal energy and reduce Tmax.
32
 As will 
be discussed in chapter 4, the thermal conductivity of reinforcing fibers also plays a large role in 
frontal dynamics. 
1.4 Advantages and Applications of Frontal Polymerization  
Traditional methods for fabricating thermoset materials involve slowly heating the bulk 
material over several hours until kp increases enough to effect complete polymerization. The 
component is subjected to further heating to crosslink the material, raising the Tg of the resulting 
polymer and maximizing its mechanical properties. There are three key advantages to polymer 
synthesis via FP compared to traditional bulk polymer methods: speed, energy efficiency, and 
control. 
Speed: The high rate of reaction at the front temperature allows frontally polymerized 
materials to be fully cured in much less time than with traditional methods, even for large 
components. Faster processing leads to reduced costs. Furthermore, the rapid polymerization 
facilitates the polymerization of solutions or suspensions that are only stable for a limited time. 
For example, nanocomposites may be fabricated through suspension of nanoparticles in a neat 
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monomer and subsequent polymerization.
33
 However, in many cases these particles tend to 
aggregate over time, limiting their use in slow-curing materials. FP is able to incorporate the 
disperse particles before aggregation occurs. Similarly Nagy et al. used FP to incorporate a 
temporarily emulsified thermochromic glycerine/cobalt solution into an acrylic polymer.
34
 The 
resulting material maintained thermochromic character and acted as a temperature sensor. 
Washington et al. showed that FP of hydrogel materials produced more uniform microstructures 
by preventing phase separation between growing polymer chains and aqueous media, which 
would be advantageous for many applications.
35
 
Energy Efficiency: Traditional curing methods for high-performance thermoset polymers 
require external heating to be applied over several hours to fully crosslink them. For large 
components, the energy required to accomplish this may be substantial. For example, the Boeing 
787’s carbon fiber / epoxy fuselage is estimated to require 350 GJ of energy during its eight-hour 
cure cycle, producing more than 80 tons of CO2. By utilizing the thermal energy built into the 
reaction chemistry, the process becomes more efficient, reducing wasted energy and time. This is 
especially advantageous for fiber-reinforced composite materials, which have hours-long cure 
cycles. White et al. first demonstrated curing of fiber-reinforced composites via FP in 1993.
36,37
 
We expand on this concept in chapter 6, wherein we demonstrate rapid and efficient curing of 
fiber-reinforced composites via FP. 
Control: Since curing by conventional methods heats all areas simultaneously, there is no 
control over which regions of the material polymerize first. Because FP is spatiotemporally 
variable, new control parameters are introduced. For example, Chekanov and Pojman 
demonstrated that monomer with a variable amount of colored dye could be fed into the reaction 
as it propagated to create a gradient material.
38
 Nuvoli et al. later showed that the monomer 
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While the field of FP is rich in applications and interesting phenomena, there is much 
untapped potential. Most research has explored the fundamental reaction dynamics, the 
properties of frontally polymerized materials, or the advantages in time and energy efficiency. 
The ability to spatiotemporally control reaction has yet to be fully exploited. Control of external 
stimuli and environment should enable fabrication of continuous polymeric materials with 
spatially variable properties. For example, the material could be subjected to different stimuli 
during cure to affect the properties of the resulting polymer. For example, magnetic 
nanoparticles could be suspended in the monomer and aligned to a rotating magnetic field during 
cure to create a patterned substrate. Furthermore, the huge quantity of energy released by the 
reaction is largely untapped for productive means. Chapter 6 will explore some of the ways we 
have harnessed this formerly wasted resource to facilitate material function. We envision many 
opportunities in this area. 
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Chapter 2: Rapid Stiffening of a Microfluidic Endoskeleton via Frontal Polymerization 
 
2.1  Introduction 
Frontal polymerizations are particularly interesting because they engender a useful 
transformation of physical properties.  As mentioned previously, frontal polymerization of a 
liquid monomer into a solid polymer has been used to develop a number of functional materials 
such as fast-curing epoxy resins, thermochromic materials, hydrogels, and sensory materials. To 
our knowledge, frontal polymerization has not been used to stiffen flexible materials. In 2009, 
Chang et al. developed an approach for mechanical stiffening, where a reactive liquid embedded 
in channels within a flexible matrix was photopolymerized to yield a crosslinked solid.
1
 
However, the entire sample was required to be transparent and irradiation for 15 minutes was 
necessary to achieve the desired mechanical properties. We believe a self-propagating reaction 
wave employed in a similar fashion is a more facile and rapid means of reinforcing a flexible 
material.  
Herein, we explore the versatility of frontal polymerization propagating through vascularized 
structures and demonstrate substantial material stiffening through the formation of reinforcing 
endoskeletons. Microfluidic vasculature enables the controlled penetration of the liquid 
monomer throughout the flexible matrix while minimizing the volume of reactants and retaining 
matrix flexibility until the triggered polymerization event (and substantial stiffening). Using this 
technique, we found that transformation of liquid monomer into solid polymer within 
microvascular networks embedded in a PDMS matrix is achieved within one minute of a single, 
localized heating event (Figure 2.1).  
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Figure 2.1. Schematic illustration of frontal polymerization within a microchannel endoskeletal network. Before 
frontal polymerization is initiated, the material is a highly flexible PDMS sheet encapsulating microchannels filled 
with reactive liquid monomer and initiator, shown in purple. A concentrated source of thermal energy initiates a 
polymerization front that quickly spreads throughout the microvascular network, effectively reinforcing the entire 
sample with rigid, crosslinked polymer, shown in gray. 
 
2.2  Effects of Channel Size 
Free radical polymerization is the most common mode of frontal polymerization due to its high 
exothermicity, low reactivity at room temperature, and high rate of reaction. Research by Pojman 
et al. has shown that the frontal velocity, i.e., the rate at which the reaction wave travels, 
correlates to the number of reactive double bonds per molecular weight of the monomer.
2
 Rapid 
curing is desirable, so we sought a system that maximizes the speed of the reaction wave. For an 
initial investigation, we chose a combination of the low volatility trimethylolpropane triacrylate 
(TMPTA) (99 g/mol per double bond) monomer and Luperox 231 initiator, which has been well 
studied and demonstrated to sustain high frontal velocities.
2-4 
Performing a frontal polymerization on the microscale presents unique challenges. In 
microchannels, the surface-area-to-volume ratio is notably higher than in previously studied cm-
scale vessels; thus, a significant portion of the reaction’s thermal energy is transferred into the 
surrounding matrix rather than effectively captured for homolysis of the initiator. Any factor that 
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further impedes direct transfer of heat from the reaction zone to the unreacted monomer leads to 
quenching of the polymerization. Convection and bubble formation are the two main factors that 
inhibit frontal propagation in microscale vessels. Convection of the monomer solution at the 
frontal boundary causes the heat of reaction to disperse into a larger volume than conduction 
alone, preventing monomer from reaching the requisite temperature for propagation.
5
 As the 
fronts for this system typically reach temperatures ca. 300 °C, dissolved gasses, volatile liquids, 
or gaseous reaction products will expand dramatically during propagation. Gas formation 
presents a particularly acute problem in a microchannel where avenues for gas escape are 
limited. Any bubbles formed will expand, accumulate at the front, and form an insulating barrier, 
thereby lowering the front temperature and effectively halting frontal propagation. Pojman et al. 
have shown that the addition of fumed silica as a thixotropic filler allowed fronts to propagate in 
thin layers by impeding convection.
5
 The filler also has the benefit of minimizing bubble 
expansion and transport due to the increased viscosity of the polymerizing medium.  
The polymerization mixture used for all experiments described herein was composed of 2.5 wt. 
% Luperox 231 and 10 wt. % fumed silica in TMPTA. This mixture could still be initiated 24 
hours after initial mixing. We also recorded the maximum temperature (Tmax) of the frontal 
polymerization, and the values of Tmax did not deviate significantly over the course of 7.5 h.  
Results from both of these experiments show that the level of incident (non-frontal) 
polymerization was minimal. The polymerization mixture was viable for frontal polymerization 
in microchannel systems for approximately 2 hours after mixing. After that time, bubbles from 
decomposing initiator began to form in the channels and block propagation. Since all 
experimental samples were initiated <30 min after mixing, the effect of incident polymerization 
is negligible in our studies. 
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 Since microchannel diameter impacts heat transfer and front quenching based on the surface-
area-to-volume ratio of the channel, we anticipate a minimum channel size through which a front 
will propagate for a given reaction and matrix composition. To test the limitations of the chosen 
chemistry, a series of straight, cylindrical channels ranging from 723 µm to 1120 µm in diameter 
and 50 mm in length were fabricated by embedding nylon monofilament in PDMS and removing 
it after curing. Channels of each diameter were initiated with a concentrated heat source. The 
results were recorded on video and the average propagation distance, percentage complete 
propagation, and average front speed were calculated (Table 2.1). Based on these data, the 
limiting size for the chemistry reported here was between 762 µm and 838 µm, where the 
propagation reached the critical diameter allowing >50% of the samples to completely propagate. 
Initiating polymerization in the 762 µm channels rarely led to propagation, and for those that 
successfully propagated, the front usually traveled a distance no greater than 20% of the channel 
length. The majority of 838 µm channels allowed propagation through the entire sample. Below 
762 μm, there were no instances of propagation, and above 838 μm, propagation through the 
entire sample was almost always observed. At 1120 µm, the frontal velocity was observed to be 
approximately 20 cm/min. Therefore, a 5 cm sample could be stiffened in as little as 15 seconds.  
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 0 - 
762 6
a
 12.5 15.9 ± 1.5 
838 16
a
 62.5 17.4 ± 0.4 
1120 50
b 
100 21.0 ± 0.2 
Predicted Adiabatic 
Front 
- - 30 
(Table Footnote) 
a 
Calculated from 20-25 initiation events. Includes samples that did not propagate. 
b 
Calculated 
from 10 initiation events. 
c
 Calculated from 8 samples. Defined as the fraction of samples that polymerized all 
available monomer with one initiation event. 
d 
Calculated from samples that showed propagation greater than 10 
mm. N = 3, 5, 10 for 762, 838, 1100 µm respectively.  
 
Goldfeder et al. developed a mathematical model for adiabatic frontal polymerization that 
predicts frontal velocity based on the kinetic and thermodynamic parameters of the system.
6
 By 
applying parameters consistent with the formation of polyTMPTA, the calculations predict a 
frontal velocity of ca. 30 cm/min under adiabatic conditions. In the 762 µm channels, the frontal 
velocity was nearly 50% lower than this theoretical adiabatic value. As channel size was 
increased, the frontal velocity approached the predicted rate. The highest experimental frontal 
velocity for the chemistry used here was recorded at ca. 22 cm/min in a 1 cm test tube. The 
significant deviation from the calculated ideal was a result of factors such as heat lost to the 
matrix and bubble formation, which were not included in the model. Both of these factors had 
higher impact with decreased channel diameters and increased surface-area-to-volume ratio, 
leading to the observed reduced frontal velocity. 
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2.3  Effects of Channel Geometry 
Given the wide variety of microfluidic structures found in the literature,
7-9
 we explored the 
scope of frontal propagation by investigating the effects of channel geometry. To determine the 
limitations imposed by channel shape, frontal polymerization of TMPTA was performed in 
samples containing multiple branches, converging fronts, and curves. (Figure 2.2). Fronts were 
initiated from a single point (an open channel location) and allowed to propagate. Most 
geometries did not impede propagation. Perpendicular branching geometries presented an 
interesting challenge, where propagation typically proceeded only through one branch of the 
channel. The unreacted channels were still reactive when initiated from the opposite end, 
suggesting the monomer solution was not the cause of this reaction termination. We speculate 
that small bubbles accumulate at the front and are shunted to one side as the propagating wave 
reaches the branching points. As a result, these bubbles direct the front to travel through one path 
over the other. To achieve simultaneous propagation into split channels, the perpendicular 
junctions were modified to include a triangular shape so that the increased volume would trap 
bubbles at the junction without disrupting the polymerization (Figure 2.2, middle row, left).  
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Figure 2.2. An array of accessible geometries for frontal polymerization in vascular structures. Features 
investigated included curvature and branching. All microchannels shown here were fabricated using the catalyzed 
depolymerization of laser-cut polylactide sheets, approximately 600 μm in thickness. Channel widths range from 1-2 
mm. Propagation through the entire sample with one initiation was observed in most cases. All scale bars are 1 cm. 
 
2.4  Mechanical Properties of Reinforced PDMS 
To evaluate these polyTMPTA channels as on-demand endoskeletons, we assessed the 
mechanical reinforcement this reaction imparts on a flexible matrix. Composite samples were 
fabricated consisting of Sylgard 184 PDMS with zero to five frontally polymerized, 
unidirectional polyTMPTA rods, providing samples with 0–15 vol % reinforcement. The 
Young’s moduli were determined by tensile testing the samples in the longitudinal direction of 
the microfluidic channels and calculating the slope from the initial linear region of stress-strain 
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curves. Representative stress-strain responses of these samples (Figure 2.3a) illustrate the impact 
of the endoskeletons on mechanical behavior. Dynamic mechanical analysis was also performed 
for the composite (Figure 2.3b) and supports the tensile test results. The frontally polymerized 
endoskeleton increased the stiffness of the PDMS composite by up to 18 times at 15 vol % 
compared to the matrix alone. (Figure 2.3c) To assess the performance of the system as a 
unidirectional composite, the results were compared to the rule of mixtures (eq 1).  
             
The model depends on the volume percent of matrix (  ) and reinforcing material (  ) in the 
composite, as well as the individual moduli of the matrix (  ) and reinforcing material (  ). The 
Young’s moduli of Sylgard 184 PDMS and polyTMPTA were determined independently to be 
1.14 and 104 MPa respectively. The experimental data agree well with the rule of mixtures 




Figure 2.3. The effect of frontally polymerized channels on the mechanical properties of PDMS composites. (a) 
Representative stress-strain curves for Young’s modulus measurements up to 20% strain. The fracture of 
polyTMPTA reinforcement at large strains results in nonlinearity in  stress response. (b) Frequency response of the 
storage and loss moduli of the composite samples with increasing polyTMPTA volume percent. (c) Young’s moduli 
for samples with 1-5 channels. The modulus increases with increasing vol % and is in agreement with the rule of 
mixtures. Error bars represent one standard deviation (n=3). 
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2.5  Rapid Stiffening of 3D Structures 
The presence of stiff polyTMPTA channels provides mechanical support to the PDMS matrix, 
and frontal polymerization offers a unique approach to shape control of flexible materials. To 
demonstrate the utility of this approach, several samples with linear channels of 1120 µm in 
diameter were filled with reactive monomer and initiator, deformed into different shapes and 
subsequently spot-initiated. The frontal polymerization flash-cured the system in less than one 
minute. After the maintaining force was removed, the samples retained their shapes, reflective of 
enhanced rigidity (Figure 2.4). The ability of frontal polymerization to propagate through many 
microchannel geometries will allow it to solidify a three-dimensional reinforcing structure, such 
as a set of struts, in much the same manner. The development of mechanically robust frontally 
polymerizable sheets will facilitate packing and transportation of deployable objects that are 





Figure 2.4. Embedded microchannels used to flash-cure PDMS into a variety of shapes. (a)   Several straight 
segments of Ecoflex PDMS with four linear 1120 µm channels were fabricated. (b) One segment was wrapped 
around a ¾ inch rod into a helical shape. Frontal polymerization was spot-initiated at one end and propagation 
through the whole channel was complete in approximately one minute. The helix retains its shape after being 
removed from the rod. (c) A similar 4-channel segment of Ecoflex PDMS was flash-cured into a free-standing 
triangle. (d) A layer-by-layer fabrication introduced 2 sets of channels into a t-shaped piece of PDMS. (e) This 
pattern allowed for the formation of a cube, which retained its shape after polymerization was performed within the 
channels. All scale bars are 1 cm. 
 
In summary, this work demonstrates rapid stiffening of vascularized materials that change their 
properties in less than a minute. This effect is either localized or propagated throughout a 
microvascular system of potentially unlimited size. If the initiating stimulus is applied to 
multiple points throughout the network, the time required for reinforcement is reduced 
dramatically to provide a stiffening effect in a matter of seconds. Our approach is applicable to 
any heat-resistant, flexible microvascular system and useful for flash-curing flexible sheets into 
mechanically robust supports or surfaces. Furthermore, the heat generated by the reaction may 
activate other components embedded in the matrix to further reinforce the material. 
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2.6  Experimental Details 
 
2.6.1  Fabrication of Straight Microchannels in PDMS 
Samples for mechanical testing were fabricated by encasing 1.12 mm nylon monofilament 
(Berkley Fishing Supply) in a 2.5 mm thick sheet of Sylgard 184 PDMS (Dow Corning) using a 
simple rectangular mold. The mold was allowed to cure for 48 h at rt. After curing, the 
monofilament was removed, leaving behind a channel of the same size. Samples contained one 
to five channels to allow for a range of volume percent filled. Samples for size-dependent 
propagation used the same process, but with 723 µm, 762 µm, 838 µm, and 1.12 mm nylon 
monofilament. The samples were cut into uniform rectangular shapes of 12 x 50 mm using an 
Epilog Helix 350 Laser Engraver.  
 
2.6.2  Fabrication of Microchannels with Varied Geometries in PDMS  
Channels with complex designs were fabricated using a similar method to the VaSC process 
developed by Esser-Kahn et al.
9
 Briefly, polylactide (Mw = 320,000 Sigma-Aldrich) with 1 wt% 
tin oxalate (Sigma-Aldrich) was pressed into 500 µm thick sheets using a hot press and laser cut 
into a variety of geometries using an Epilog Helix 350 Laser Engraver. The PLA designs were 
then embedded into Sylgard 184  PDMS. Depolymerization of the PLA through heating to 220 
°C for 12 hours allowed microchannels in a variety of geometries to be fabricated.  
 
2.6.3  Frontal Polymerization Parameters for Described Experiments  
All samples used a mixture of 2.5 wt. % Luperox 231 (Sigma-Aldrich) and 10 wt. % fumed silica 
(Sigma-Aldrich) in trimethylolpropane triacrylate (TMPTA) (Sigma-Aldrich). Prior to use, 
TMPTA was passed over basic alumina to remove unwanted inhibitor. TMPTA was then 
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combined with Luperox 231 and degassed for 2-3 minutes under high vacuum. Fumed silica was 
subsequently added and mixed thoroughly to produce a gel-like consistency. Using a syringe, 
samples were filled with this mixture, making sure the channels contained no air bubbles. 
Samples were then initiated by touching a soldering iron to one end of the channel and allowing 
the reaction to propagate. At approximately 300 °C, the iron provided more than enough energy 
to instantly ignite a reaction wave. Tests performed using a heater under an IR camera showed 
that the minimum temperature for front ignition was around 72 °C for the 
TMPTA/Luperox/Silica chemistry. 
 
2.6.4  Pot Life Tests 
Pot life is defined here as time required before propagation is no longer observed in the system. 
It was assessed by measuring frontal velocity in 1120 µm linear samples containing 10 wt. % 
silica and 2.5 wt. %  Luperox 231 in TMPTA. The results show a slow decrease in frontal 
velocity over time. (Figure 2.5) At 2.5 h, channels begin to be obstructed by bubble formation in 
the sample, preventing some tests from achieving complete propagation. At ca. 4 h these bubbles 
began to prevent any measurable propagation.  
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Figure 2.5: Frontal velocity over a period of 4 hours after mixing. 
 
In order to further establish that minimal spontaneous (non-frontal) polymerization was 
occurring during our experiments, the maximum temperature (Tmax) of the frontal polymerization 
was recorded using an IR camera over 7.5 hours. (Figure 2.6)  
 
Figure 2.6: Maximum temperature of frontal polymerization over a period of 7.5 hours after mixing.  
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Samples for this experiment were composed of lines formed from the gelled TMPTA mixture on 
an insulating silicone surface. This allowed us to directly observe temperature with the IR 
camera without interference from PDMS, as would occur if the reaction were to occur in 
microchannels. The deviations in Tmax among samples recorded at each time are likely a result of 
minor inhomogeneity in the samples. Since the Tmax is not significantly reduced after a period of 
7.5 hours, the level of reactive species is still high. This result suggests that minimal spontaneous 
polymerization would occur during the first 30 minutes after mixing, during which time all 
described experiments were carried out. 
 
2.6.5  Initiation with UV Light  
UV initiation of 1120 µm linear samples containing 10 wt. % silica, 1.7 wt. %  Luperox 231, and 
0.8 wt. % Darocur 1173 (Sigma-Aldrich) was attempted using a 365 nm UV lamp with an 
irradiance of 1.5 mW/cm
2
. No front formation was observed. After 5 minutes of irradiation, 
fronts could no longer be initiated with heat, and samples were noticeably stiffer, suggesting the 
UV light was insufficient to initiate a front, but was still curing the samples through activation of 
the Darocur. Notably the same mixture and lamp were capable of forming fronts in 1 cm test 
tube samples. 
 
2.6.6  Mechanical Testing  
Young’s modulus samples were tested with a DMA (TA RSA III) tension test in constant 
displacement mode at 33 µm/s. Frequency sweep samples were tested from 0.1 to 20 Hz at a 
displacement amplitude of 0.1%. Sample’s dimensions were 12 x 50 x 2.5 mm and were 
fabricated as previously described. The volume percent of reinforcement was increased by 
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changing the number of reinforcing channels from 1-5 and maintaining constant overall 
dimensions. Young’s moduli were calculated in tension from the initial linear region of the 
stress-strain curve. A Sylgard sample with the same dimensions of the composite samples with 0 
vol % reinforcement was used for finding the Young’s modulus of Sylgard (  ) in the rule of 
mixtures. The Young’s modulus of polyTMPTA was found by using the same DMA protocol for 
the ‘fibers’ that were extracted from the PDMS matrix. Error bars represent one standard 
deviation (n=3) and errors in the experimental samples were caused by variation in sample to 
sample production. 
 
2.6.7  Size Calculations  
Five to ten samples of each size were fixed on a ruler and initiated from one end using a 
soldering iron. If a front failed to form, or if it propagated less than 20 mm, the sample was 
initiated from the opposite end, and the channel length was considered to be the distance from 
the opposite end to the edge of the initial front quenching. Average propagation distance was 
calculated by averaging the distance that each front travelled. Percentage complete propagation 
was calculated by defining ‘complete propagation’ as a propagation that traversed the entire 
sample from the first initiation or that traversed the entire sample from second initiation if the 
first front was quenched after less than 20 mm propagation. Average front speed was calculated 
from fronts that traversed more than 10 mm.  
 
2.6.8  Definition of Variables and Explanation of Assumptions for Theoretical Front 
Speed 
The equation developed by Goldfeder et al. is as follows: 
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where the variable   is the front speed;   is the thermal diffusivity of the mixture;    is the square 
root of the initiator concentration in mol/L (  );    is the gas constant;    is the initial 
temperature of the reaction mixture;   
   
  
 where   ,  ,   are the enthalpy of polymerization, 
specific heat, and density of the monomer respectively;    is the monomer concentration;    is 
the energy of decomposition for the initiator;     
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  and   
  are the 
polymerization and termination frequency factors for the polymerization reaction,   
  is the 
decomposition frequency factor for the initiator, and   is the efficiency factor; and  
         
     
 
  where    is the activation energy for polymerization of the monomer and    
is the activation energy of termination . We assumed our triacrylate monomer would act as three 
separate acrylate monomers to simplify the determination of  ,   
 ,   
 ,    and    by using 
established literature values for butyl acrylate and simply increasing    by a factor of 3. We also 
assumed the Luperox 231 initiator, which has two t-butyl peroxide moieties, would act as two 
molecules of di-t-butyl peroxide, so we could use literature values for   
  and   , increasing    by 
a factor of 2. 
 
The values used for the calculation were the following: 
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2.7  Notes and References 
Notes: This is a collaborative work, with multiple contributors. I.R. performed experiments and 
authored the text relating to chemistry and material fabrication. (2.1-2.3, 2.5, 2.6.1-2.6.5, 2.6.7-
2.6.8) Hector Lopez Hernandez performed experiments and authored the text relating to 
mechanical testing. (2.4, 2.6.6) 
 
Portions of this chapter have been published. Robertson, I. D.; Lopez Hernandez, H.; White, S. 
R.; Moore, J. S. “Rapid Stiffening of a Microfluidic Endoskeleton via Frontal 
Polymerization” ACS Appl. Mater. Interfaces. 2014, 6, 18469–18474. They are 
reproduced/adapted with permission. Copyright 2014 American Chemical Society. 
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Chapter 3: Frontal Ring-Opening Metathesis Polymerization of exo-Dicyclopentadiene for 
Low Catalyst Loading 
 
3.1  Introduction 
Ring-opening metathesis polymerization or ROMP has come to play a major role in academic 
and industrial manufacturing of functional materials.
1
 In ROMP, a transition metal catalyst is 
used to activate a strained cyclic olefin and convert it to a thermoplastic or thermoset polymeric 
material through olefin metathesis. The release of ring-strain energy drives the reaction. 
Dicyclopentadiene (DCPD) is one of the most highly investigated monomers for ROMP because 
of its high polymerization rate and the thermal, chemical, and mechanical stability of its 
polymers.
2
 Crosslinked PDCPD is becoming widely used for the fabrication of durable parts in 
buses, trucks, water vehicles, and construction equipment due to the combination of its low 
density with high toughness, impact strength, and stiffness.
3
 It is also being explored for use in 
fiber reinforced composites.
4
 The polymerization of DCPD occurs via opening of the strained 
norbornyl double bond, to form a linear polymer, followed by opening of the less active 
cycopentadiene moiety to provide crosslinking between the linear chains (Scheme 3.1). ROMP 
of DCPD is often facilated by Grubbs-type ruthenium metathesis catalysts, which are air-stable 
and exhibit high reactivity.
5
 However, ruthenium catalysts are inevitably expensive and 
industrial applications require formulations with minimal catalyst concentration. 
Scheme 3.1. ROMP of neat DCPD with a ruthenium catalyst. 
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Table 3.1. A comparison between the properties of endo- 
and exo-DCPD illustrating the FROMP advantages of 
exo-DCPD. 
Recently, Mariani et al. have demonstrated the frontal ring opening metathesis polymerization 
(FROMP) of dicyclopentadiene using inhibited second generation Grubbs catalyst (GC2).
12,13
 
FROMP has the potential to be useful for rapid, low-energy fabrication of DCPD-based 
materials; however, the concentration of costly ruthenium catalyst required for FROMP may 
make such a process economically infeasible. 
 
Figure 3.1. The endo (1) and exo (2) isomers of dicyclopentadiene (DCPD).  
DCPD exists as either the endo- or  exo- stereoisomer (Figure 3.1). Since nearly all 
commercially available DCPD is in the endo form, previous examples of FROMP have focused 
on this isomer.
12–14
 Exo-DCPD has several advantageous properties compared to endo-DCPD 
(Table 3.1). It is known that exo-DCPD 
undergoes ROMP at a significantly higher rate 
than the endo- isomer at room temperature.
15
 In 
FROMP, a monomer with a higher 
polymerization rate would likely require less 
catalyst to achieve the same rate of monomer 
conversion and heat release. Thus, lowering the 
catalyst concentration is possible, while still 
facilitating rapid FROMP and forming a 
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similar to poly(endo-DCPD). Furthermore, at the peak temperatures measured during FROMP, 
endo-DCPD is known to undergo rapid cracking to cyclopentadiene, 
16
 which is undesirable and 
may introduce voids. In contrast,  
exo-DCPD exhibits significantly greater thermal stability.
18
 Exo-DCPD also freezes at a  
much lower temperature than endo-DCPD, allowing for low temperature processing.
17
 Here, we 
explore the use of exo-DCPD as a monomer for FROMP to minimize the amount of requisite 
ruthenium catalyst. We demonstrate that this high reactivity can increase the frontal velocity 
while reducing the required catalyst concentration for a FP.  
3.2  Challenges in the FROMP of exo-DCPD 
The FP of DCPD is particularly challenging due to its propensity towards polymerization prior 
to frontal initiation, also known as spontaneous polymerization (SP). FP is most effective when 
there is minimal reactivity at the working temperature, but high activity at the frontal 
temperature. This combination will allow the reaction to have a high frontal velocity and a long 
pot-life. Pot-life is the amount of time between the mixing of monomer and initiator and the 
point at which frontal polymerization is no longer possible. In FP based on radical 
polymerization, the pot-life is often related to homolysis of the initiator in solution, which 
produces only small polymers because of chain termination.
19
 Once a significant fraction of the 
initiator consumed, the remaining concentration is no longer sufficient to drive the reaction. In 
FROMP, initiator decomposition is less of a problem because of the catalyst’s stability. In this 
case, the pot life typically results from a steady buildup of actively propagating catalyst species, 
which will cause the reaction mixture to become extremely viscous, stalling the reaction, or 
producing a rise in temperature high enough to rapidly polymerize the monomer all at once. For 
example, when GC2 is mixed with endo-DCPD at a 1:16000 molar ratio at 35 °C, the mixture 
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will heat to over 200 °C and polymerize within 
seconds. Inhibiting agents such as 
triphenylphosphine, 4-dimethylaminopyridine 
(DMAP), and limonene have been used to extend 
the pot-life substantially.
12–14
 These inhibitors 
slow down initiation of the ROMP reaction by 
coordinating to the ruthenium catalyst and 
hindering DCPD association, in the cases of 
triphenylphosphine and DMAP, or, in the case of 
limonene, acting as a chain transfer agent with 
reduced reactivity. For endo-DCPD the use of 
DMAP affords a pot-life of >20 min.
12
 As such, 
we chose this inhibitor to perform FROMP of 
exo-DCPD. 
The issue of SP is enhanced for exo-DCPD, 
which exhibits even greater rate of 
polymerization than endo-DCPD. This reactivity 
has been shown to be a result of reduced steric 
hindrance during polymerization of the exo 
isomer, negating the steric penalty involved in 
olefin coordination with the ruthenium catalyst, 




  Thus, it 
is no surprise that the exo-isomer required a 
 
Figure 3.2. (a) Selected plots of position over time for exo- 
and endo-DCPD FROMP. All samples show a linear trend, 
indicating minimal spontaneous polymerization. The 50k 
exo-DCPD FROMP with 8 equiv DMAP exhibits greater 
frontal velocity than the 15k endo-DCPD FROMP with less 
than a third the catalyst concentration (b) Pot-life of exo-
DCPD solutions shown in temperature vs. time after mixing 
monomer with GC2 catalyst and DMAP at four different 
compositions. Even in the absence of an initiating stimulus, 
all 3 solutions with 8 equiv DMAP exhibited a rapid 
exothermic polymerization after an induction period. Exo-
100k-16 was the only sample that showed no significant 
temperature change. Corresponding endo-DCPD 
compositions exhibited negligible temperature increase, 
even after longer periods. 
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higher concentration of DMAP and lower concentration of GC2 to allow sufficient pot-life to 
handle the solution before intentional initiation. In order to achieve controlled FROMP, a ratio of 
DMAP to GC2 greater than 8:1 and a ratio of exo-DCPD to GC2 greater than 15,000:1 were 
empirically determined. We observed linear position-over-time plots, indicating constant frontal 
velocities, (Figure 3.2a), thus suggesting minimal SP prior to FP for these inhibitor and catalyst 
concentrations.  
3.3  Effects of Catalyst Concentration 
The DCPD:GC2 ratio was varied from 15000:1 to 100000:1 and DMAP:GC2 was tested at 8:1 
and 16:1. For further discussion, these relative concentrations will be coded with the scheme 
{monomer}-{DCPD:GC2}-{DMAP:GC2}. For example, exo-DCPD samples with 15000:1 
DCPD:GC2 and 8 equivalents DMAP will be represented as Exo-15k-8. 
For all exo-DCPD pot life tests except Exo-100k-16, we observed a slow rise in solution 
temperature, ultimately resulting in rapid exothermic polymerization. (Figure 3.2b). Exo-100k-
16 exhibited a slow gelation with no temperature spike.  The level of SP is low during the initial 
minutes after mixing, but rises to undesirable levels later. With this in mind, all FPs were carried 
out within 1 minute of monomer and catalyst mixing. 
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Exo-DCPD FROMPs showed frontal 
velocities 3-5 times higher than the 
corresponding endo-DCPD reactions (Figure 
3.3). While endo samples would not 
propagate at DCPD:GC2 ratios greater than 
50k:1 at the tested DMAP concentrations, 
exo-DCPD allowed propagation at catalyst 
loadings as low as 100k:1, an important 
feature for large-scale materials 
manufacturing. Frontally polymerized exo-
DCPD samples exhibited similar 
transparency and stiffness to endo-DCPD samples polymerized at higher catalyst concentrations. 
Again, the only exception was Exo-100k-16, which was soft and ductile. The combination of low 
catalyst concentration and high initiator concentration likely prevents the same level of monomer 
conversion and crosslinking as the other samples, leading to a rubbery product. Endo-50k-8 
produced a similarly flexible material. 
Peak temperatures were measured for all samples. Exo-(15k-50k)-8 FROMP samples reached 
208 °C, approximately equal to the adiabatic temperature for endo-DCPD FROMP reported by 
Mariani et al.
14
 This indicates complete reaction of the monomer. The Exo-100k-8 sample 
reached 175 °C, and Exo-100k-16 only reached 101 °C, possibly indicating the degree of 
conversion is not as high in these cases, although the lower temperature may also be due to the 
slow propagation leading to heat loss. Endo-(30k-50k)-8, and Endo-(15k-30k)-16 also exhibited 
lower peak temperatures during FP (ca. 100-130 °C). Differential scanning calorimetry analysis 
 
Figure 3.3. Frontal velocity based on catalyst 
concentration for endo and exo-DCPD at two different 
inhibitor concentrations. Exo-DCPD samples exhibit 
frontal velocities 3-5 times higher than endo-DCPD 
samples of the same concentration. Notably, FP proceeds 
at a reasonable rate at GC2 concentrations as low as 




showed no evidence of an exothermic peak during ramp scans of FROMPed exo-DCPD, 
confirming a degree of cure >99% except in the case of Exo-100k-8 and Exo-100k-16. Exo-
100k-8, Exo-100k-16, Endo-50k-8, and Endo-(15k-30k)-16 showed an exothermic peak during 
DSC scans, suggesting they did not fully cure during frontal propagation.  
The difference in frontal velocity and pot-life between the high and low inhibitor 
concentrations diminished as the catalyst concentration was reduced, suggesting the amount of 
inhibitor is less important at lower concentrations. This is likely because the small inhibitor 
concentration compared to the amount of monomer makes it unlikely that DMAP will re-
coordinate to the catalyst during the short propagation period after initial dissociation.  Pot-lives 
ranged from under one minute for Exo-15k-8 to over 10 minutes for Exo-50k-16. This is 
markedly lower than those observed for endo-DCPD, likely a result of the faster polymerization 
rate for the exo isomer.   
3.4  Mechanistic Interpretation of Pot Life for FROMP Solutions 
These observations are interpreted in the context of the ROMP mechanism. The strong 
correlation between DMAP concentration and frontal velocity is evidence that there is some 
level of SP at room temperature and free DMAP is reversibly deactivating propagating catalyst 
rather than just holding it in preacatalytic state. A deactivation mode is consistent with the 
mechanism proposed by P’poo and Dunbar et al. for DMAP inhibition.
20,21
 However, it is also 
possible that increasing the concentration of DMAP may slow the activation of latent precatalyst 
during FROMP enough to reduce the frontal velocity. Stronger evidence of concurrent SP during 
FROMP is that the polymerization rate of the monomer dramatically affects both pot-life and 
frontal velocity even with high DMAP concentrations. If the catalyst existed purely in its 
precatalytic state, pot-life would not be affected by the rate of polymerization (kp). In DMAP-
 41 
inhibited FROMP, the propagating catalyst can be deactivated by the coordination of free DMAP 
(Scheme 3.2).  
 
. 
High concentrations of DMAP bias the equilibrium towards the latent pre-catalyst state. If the 
kp is sufficiently low, as with endo-DCPD, the polymerization that occurs does not produce heat 
fast enough to overcome heat loss to the environment. However, if kp is high, as with exo-DCPD, 
the heat released from the reaction heats the solution. At higher temperatures, inhibitor 
coordination becomes less favorable, and more polymerization occurs, releasing more heat. This 
ultimately results in a rapid exothermic polymerization and a shorter pot-life. The tendency of 
exo-DCPD toward rapid exothermic polymerization is also tied to its positive ΔS
‡
 for 
polymerization, as compared to the negative ΔS
‡
 for endo-DCPD. As the temperature rises due 
to SP, the kp will rise faster for exo-DCPD because of the favorable entropy of activation, 
resulting in thermal runaway at a lower temperature than in endo-DCPD. 
The strong inverse relationship between pot-life and frontal velocity is problematic for 
practical applications. In the endo-DCPD FROMP system, the degree of inhibition at room 





For endo-DCPD FROMP, the propagating catalyst is effectively deactivated by coordinating free DMAP before 
any noticeable temperature change in the solution manifests. In exo-DCPD FROMP, however, the kp is high 
enough raise the temperature, ultimately resulting in an rapid exothermic polymerization within 20 min 
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temperature is sufficiently greater than the rate of polymerization such that the pot-life and 
frontal velocity are largely decoupled. Extremely reactive monomers like exo-DCPD beckon an 
alternative solution. In order to improve the pot-life of exo-DCPD without crippling the frontal 
velocity, it would be necessary to minimize the concentration of propagating catalyst species 
prior to FP initiation without affecting the rate of polymerization after initiation. A possible way 
to accomplish this is storing the reactive mixture at low temperature. Mariani et al. used a similar 
strategy to accomplish FROMP despite a short pot life, wherein they mixed the catalyst and 
endo-DCPD and cooled it immediately.
14
 The cooling process is challenging for endo-DCPD due 
to its relatively high freezing point of 32 °C, meaning it must be rapidly injected into a mold 
prior to cooling. This might be infeasible for large components. However, exo-DCPD remains 
liquid until –40 °C. Storing a mixture of catalyst, inhibitor, and monomer will likely diminish 
SP; transfer of this solution to a mold causes a rise in temperature and allows FP to propagate. 
The high reactivity of exo-DCPD is likely to sustain FP in spite of the larger temperature change. 
Alternative designs of catalyst inhibitors, wherein a potent inhibitor is deactivated prior to frontal 
initiation are another possible solution to the problem. 
In conclusion, we have demonstrated frontal polymerization of exo-dicyclopentadiene with 
high frontal velocities and the lowest catalyst concentrations yet reported. By altering catalyst 
and inhibitor concentration, we were able to control pot-life and frontal velocity. Based on these 
results, it is likely that practical use of exo-DCPD FROMP will require an alternate means of 
reducing the catalyst’s initial activity. High levels of DMAP inhibitor substantially slow reaction 
and have negative impact on monomer conversion. Further control of the reaction may be 
possible through reduction in storage temperature or through an alternate means of inhibition. 
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Making frontal polymerization of DCPD more economical will facilitate fabrication of large 
scale polymer and composite materials using FROMP.  
3.5  Experimental Details 
3.5.1  Materials 
Dimethylaminopyridine (DMAP) and 2
nd
 generation Grubbs catalyst (GC2) were purchased 
from Aldrich and used as received. Tricyclopentadiene (TCPD) was prepared according to 
published methods.
1
 endo-Dicyclopentadiene (Aldrich) was mixed with 5% TCPD to depress the 
melting point below room temperature. This blend is herein referred to as the endo-DCPD 
isomer. Toluene was purified and dried by passing through two columns of neutral alumina 
under nitrogen prior to use (solvent purification system by Pure Process Technology). exo-
Dicyclopentadiene was prepared with slight modifications to literature procedure.
2
 The product 
was considered sufficiently pure when the endo fraction was <5%. 
3.5.2  FROMP Reactions 
A pre-catalyst solution was prepared by weighing the appropriate amounts of GC2 into an 
Eppendorf tube. A micropipette was used to add the necessary volume of 0.41 M DMAP in 
toluene. The Eppendorf was then filled to 0.4 mL with dry toluene. DMAP/catalyst solutions 
were allowed to equilibrate until >80% of GC2 was coordinated by DMAP, indicated by a shift 
in color (10 minutes for samples with 8 equivalents DMAP and 5 minutes for samples with 16 
equivalents DMAP). Equilibrated solutions exhibited a light-brown to light-green color, 
indicative of a DMAP-coordinated catalyst species.
3
 The solution was added to a rapidly stirring 
sample of 5 g endo- or exo-DCPD to ensure full catalyst dispersion. The reactive solution was 
then added to a 13x100 mm glass test tube, secured vertically in a fixture, and initiated within 
two minutes of mixing by applying a soldering iron to the outside of the tube near the surface of 
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the solution. Frontal polymerizations were performed in the descending mode with 
thermocouples positioned roughly 3 cm from the bottom of the tube (Figure 3.4). Once frontal 
propagation was observed, the heat source was removed and the propagation was monitored 
using a Canon Rebel T4i DSLR. Frontal velocities were calculated from the slope of the 
trendline best fitting the position over time data. To avoid measuring any effects introduced by 
the thermocouple on propagation, velocity calculations only included the region of the tube 
without the thermocouple. Temperatures were measured using stainless steel type T 
thermocouples (Omega Engineering, Model TMQSS-020U). Thermocouple data was collected 
using a temperature sensor (Phidgets, Model 1048) and recorded using a custom LabVIEW code 
(National Instruments) at 100 Hz. 
It should be noted that, for samples with 16 equivalents DMAP, if the pre-catalyst solution was 
left for >10 minutes before adding to the DCPD, a bright green precipitate formed, likely the 




Figure 3.4. Experimental setup for FROMP reactions. 
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3.5.3  Analysis of Catalyst/Inhibitor Equilibration by NMR 
NMR analysis was performed using a Varian Unity INOVA 500 narrow bore instrument. 
Chemical shifts (ppm) were referenced to residual peak of the deuterated solvent. GC2 (2.14 mg, 
.00252 mmol) was dissolved in 1 mL toluene-d8 and added to a gas-tight NMR tube, which was 
freeze-pump-thawed 3 times and backfilled with argon. The sample was loaded into the NMR 
for locking and shimming. A single 
1
H scan was taken for t = 0. The sample was then removed 
from the instrument, and 49.1 µL of 0.41 M DMAP (.020 mmol) in toluene-d8 was added to the 
tube. The sample was inserted into the instrument and 
1
H scans were performed every minute for 
45 minutes. The resulting data was analyzed with MestReNova 8.1 software. 
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The equilibration of the DMAP/GC2 solution was shown to be ca. 80% complete after 10 
minutes. The signal for the alkylidene proton of GC2 diminished over the equilibration period 
while a new peak, indicative of the DMAP-coordinated catalyst 1 (appeared roughly 0.15 ppm 
downfield. (Figure 3.5) 
To confirm the identity of the FROMP catalyst as 1, the chemical shifts from the equilibration 
experiment were compared to the shifts observed by Dunbar et al.
4
 The observed alkylidene 
proton resonance at 19.66 ppm in toluene-d8 matches the 19.64 ppm shift seen in benzene-d6 by 
Dunbar et al. in their synthesis of 1. A doublet corresponding to Ru CH-Ph ortho protons in 1 
began to grow in at 8.13 ppm and doublets corresponding to two sets of aromatic DMAP protons 
in 1 also began to grow in at 8.07, and 5.40 ppm. (Figure 3.6) The other two sets of aromatic 
DMAP protons, reported 8.57 and 6.04 ppm, were difficult to observe due to their proximity to 




the uncoordinated DMAP shifts. Shifts for the DMAP methyl protons were observed at 1.73 ppm 






H NMR spectra indicating the presence of Ru CH-Ph ortho protons at 8.15 ppm as well as 




To confirm that the DMAP was not 
deprotonating the alkylidene and causing 
catalyst decomposition, we evaluated the total 
concentration of alkylidene protons over time. 
(Figure 3.8) There may be a small amount of 
catalyst decomposition during this time 
period, but it is <10%. 
3.5.4  Differential Scanning Calorimetry  
Differential scanning calorimety (DSC) measurements were performed with a TA Instruments 
Q20 differential scanning calorimeter with standard aluminum pans. Samples of frontally 
polymerized endo- and exo-DCPD (5-10 mg) were subjected to heat-cool-heat scans from -10 °C 
Figure 3.8. Integration of alkylidene protons for GC2 
and 1 combined and normalized. 
Figure 3.7. 
1
H NMR spectra showing the formation of DMAP methyl protons from 1 at 2.12 and 1.73 ppm. 
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to 250 °C at 10 °C/min. Samples that were not fully cured exhibited an exothermic peak during 
the first heating scan. (Figure 3.9) The degree of cure was calculated by integrating the 
exothermic peak and comparing it to the total heat released during the polymerization of endo-
15k-8 (330 J/g). The results for each sample are shown in Table 3.2. It should be noted that most 
of these exothermic peaks occurred partly during the glass transition, leading to some uncertainty 
in the accuracy of their integration. 
  
Figure 3.9. DSC ramp scans showing the appearance of an exothermic peak around the glass Tg for PDCPD in samples 
with lower catalyst concentrations. 
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Table 3.2. Degree of Cure Calculated for FROMP endo- and exo-DCPD 
Degree of Cure endo-DCPD exo-DCPD 
15k-8 >99% >99% 
30k-8 >99% >99% 
50k-8 95% >99% 
100k-8 - 85% 
15k-16 97% 99% 
30k-16 97% 98% 
50k-16 - 97% 
100k-16 - 56% 
 
3.6  Notes and References 
Notes: This is a collaborative work, with multiple contributors. I.R. authored the text and 
performed the NMR and DSC experiments. (3.5.3-3.5.4) I.R. worked with Emmy Pruitt to 
perform the FROMP experiments. (3.5.2) Emmy Pruitt synthesized most of the exo-DCPD. 
(3.5.1) 
 
Portions of this chapter have been published. Robertson, I. D.; Pruitt, E. L.; Moore, J. S. “Frontal 
Ring-Opening Metathesis Polymerization of Exo-Dicyclopentadiene for Low Catalyst 
Loadings” ACS Macro Lett. 2016, 5, 593– 596. They are reproduced/adapted with permission. 
Copyright 2016 American Chemical Society. 
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Chapter 4: Accelerated Frontal Polymerization via Continuous Conductive Elements 
4.1  Introduction 
Reactions involving heterogeneous materials are widely studied because of their unique 
reactivity and diverse applications including catalysis, surface coatings, and the fabrication of 
composite materials.
1–3
 The physical and chemical properties of compounds incorporated into 
heterogeneous materials dictate the overall reactivity in the system, as well as the properties of 
the product. Fiber-reinforced polymer composite materials, for example, are composed of stiff, 
strong fibers within a durable polymer matrix that, in combination, produce a material that 
possesses mechanical properties superior to its individual components. Typically, the type of 
fiber reinforcement is chosen based on its cost or the desired properties of the product rather than 
the fiber’s effects on the curing of the polymer during fabrication.  
Frontal polymerization (FP) is a class of self-propagating reactions driven by exothermic 
polymerization. A local thermal stimulus applied to a solution of monomer and initiator creates a 
propagating front that rapidly polymerizes the monomer. A variety of polymerization chemistries 
have been utilized to achieve FP, and the technique is applicable to the fabrication of 
functionally gradient materials, sensory materials, nanocomposites, and fiber-reinforced 
composites.
4–7
 Previous investigations have explored the dynamics of FP in detail, with close 
examination into the effects of monomer reactivity, initiator concentration, temperature, reactor 
geometry, and other factors.
8–11
 However, these studies have largely focused on propagation 
through homogenous media. While some research has involved the presence of non-reactive 
fillers or gels,
12,13
 these discrete materials have been evenly distributed throughout the solution. 
The effect of continuous elements that span the length of an object has not been explored. It is 
important to understand how continuous elements affect frontal dynamics, as they are integral to 
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applications such as composite manufacturing in the form of unidirectional or woven fibers.
7
 
Given that FP is driven by a thermal front, the thermal conductivity of the reinforcing phase is 
likely to be a crucial factor in understanding and controlling the reaction. In a typical FP, excess 
thermal energy unused for frontal propagation is left to slowly dissipate through the walls of the 
reaction vessel, performing no useful function. The incorporation of a continuous conductive 
element alters the thermal transport characteristics during FP and may allow heat from the 
polymerization reaction to advance ahead of the front into the unreacted monomer. For a 
situation such as this, we hypothesize that a larger fraction of the reaction’s energy is used 
productively in heating monomer lying ahead of the front, which accelerates the reaction and 
increases frontal velocity. (Figure 4.1)  
The two most common fiber reinforcements, glass and carbon, exhibit significantly different 
thermal conductivities, which are likely to alter the FP dynamics. Additionally, the spacing 
between fibers may limit or facilitate FP depending on the volume fraction of reactive material. 
However, isolating the effects of reinforcement type and geometry in a composite system with 
many fibers and diverse variables would be difficult.  
 
Figure 4.1. Schematic for FP in the presence of conductive and non-conductive continuous fiber. Heat 
from the high temperature polymer is conducted ahead of the front by the fiber, increasing the frontal 
velocity. 
 55 
Herein, we explore these factors using a two-fold approach. Firstly, we experimentally employ 
a simplified microchannel system designed to model the effects of a thermally-conductive 
continuous element, and the monomer volume fraction in the channel. Secondly, we use finite-
element-based simulations to capture the physicochemical behavior of FP in a heterogenous 
environment.  
Single glass and carbon fibers are difficult to handle since they are typically 7 to 10 µm 
in diameter and may be quite brittle. Instead, in this study we adopted metal filaments as fiber 
analogs since they possess a range of thermal conductivities similar to that of carbon and glass 
and can be readily manipulated while maintaining their mechanical integrity. The experimental 
design consisted of a microchannel embedded in a polydimethylsiloxane (PDMS) matrix with a 
continuous filament threaded through the center (Figure 4.2). We were able to explore the effects 
of different continuous reinforcements by altering the wire material, and we varied the channel 
diameter to investigate the effect of fiber volume fraction.  Numerical simulations were designed 
to model key features of the experimental design and allow us to expediently explore a variety of 
 
Figure 4.2. Schematic of experimental model system used to characterize the effects of wire 
conductivity and volume fraction of available monomer. 
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chemical kinetics, materials, and geometries. 
4.2 Results and Discussion 
4.2.1  Experimental Design 
FP in small volumes is challenging because of the high surface-area-to-volume ratio, which 
typically leads to quenching of the front from conductive heat loss.
15
 Previous small-volume FP 
studies have required the use of highly reactive and exothermic radical polymerizations to 
overcome this thermal deficit. Datta et al. polymerized acrylamide in thin layers,
11
 and in a 
previous publication, we polymerized neat trimethylolpropane triacrylate (TMPTA) in 
microvascular networks.
16
 Both these monomers possess a high energy density, which can be 
represented as molecular weight per reactive group (71 for acrylamide, and 99 for TMPTA). The 
substantial thermal energy released by radical polymerization of these acrylic monomers is 
critical to enable small volume FP. However, common radical initiators (e.g. benzoyl peroxide, 
azobisisobutylnitrile, cumene hydroperoxide etc.) produce gaseous byproducts, leading to bubble 
formation. This is particularly problematic in a microvascular system, where a small amount of 
gas could block the channel and quench FP. In our previous work, we were able to accomplish 
microvascular FP by using a thixotropic filler to prevent bubbles produced by the initiator from 
agglomerating and blocking the channels. Datta et al. used aqueous solutions of potassium 
persulfate,
11
 which produces no gaseous byproducts, but this initiator is not soluble in a neat 
acrylic monomer. In this work, we take advantage of a persulfate initiator developed by Mariani 
et al., trihexyltetradecylphosphonium persulfate (TETDPPS), that does not produce gaseous 
byproducts and is also miscible with TMPTA,
14
 thereby allowing FP without thixotropic filler 
(Figure 4.3). We successfully achieved FP in channels as small as 711 μm in diameter, the 
smallest yet reported. By performing FP in small channels, we aim to emulate the environment 
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of a reinforcing fiber in a composite, wherein fibers are typically packed closely together. The 
small volume of the microchannel is designed to simulate the volume of available monomer 
surrounding a fiber in a composite. The fiber itself is modeled with an 80 ± 10 µm wire to make 
sure effects on FP dynamics are clearly visible. Copper and 302/304 stainless steel wires were 









. The surrounding PDMS 




. The heat 
capacities of PDMS, copper, and steel are 1100, 386, and 490 J/kg-K respectively. Copper’s low 
heat capacity may produce enhanced FP compared to stainless steel since it will require less 
energy to warm it. 
  
 
Figure 4.3. Highly reactive triacrylate (TMPTA) monomer and initiator that produces non-volatile 
byproducts (TETDPPS). 
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4.2.2  Experimental Results 
Solutions of TETDPPS and TMPTA were 
injected into 5 cm long channels with diameters 
of 584 µm, 711 µm, 762 µm, 828 µm, and 1120 
µm. Each channel contained either no wire, an 
80 µm stainless steel wire, or an 80 µm copper 
wire, and FP was initiated with local heating at 
one end of the sample. High-speed video 
microscopy of the resulting FP in 1120 µm 
channels showed samples with copper wire 
propagated fastest, followed by stainless steel, 
and samples with no wire propagated slowest 
(Figure 4.4).  
There was also a visible difference in the shape of the fronts. In samples without a wire, the 
fronts were relatively flat, with a small amount of curvature at the edges likely due to local heat 
loss. Samples with a copper wire exhibited roughly conical shapes, with a small deflection near 
the wire, while fronts in stainless steel samples were only slightly conical, behaving more like 
the samples with no wire.  
To explore the cause of this effect, thermal images of samples were taken during propagation. 
Samples without a wire exhibited a typical temperature profile for FP, with a single sharp heating 
profile accompanying the front (Figure 4.5). Samples with a copper wire exhibited a ΔT of ca. 10 
°C ahead of the main frontal heating profile, while no visible preheating occurred with stainless 
steel. This relatively small amount of heating was sufficient to give rise to the substantial 
Figure 4.4. High-speed imaging of frontal 
propagation in 1120 µm channels. In 1.5 s, the front 
in the sample with a copper wire propagates furthest, 
followed by the sample with stainless steel, followed 
by the sample with no wire. Note the change in the 
frontal shape of the copper sample. Samples are lying 
horizontally. 
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increase in frontal velocity in copper wire samples. As peak temperatures remain nearly the 
same, the copper wire must accelerate FP by transferring heat from the polymer behind the front 
into the monomer ahead of the front, preheating it. The monomer is heated most near the wire, 
and least near the walls of the channel. The temperature of the monomer prior to propagation is 
known to significantly impact the frontal velocity; 
17
 thus, the heated monomer near the wire reacts 
faster than the monomer at the edges. The edges 
are cooled by the PDMS matrix, which slows 
reaction and produces the conical shape. A small 
deviation from the conical shape is visible directly 
adjacent to the wire. This is likely due to the small 
portion of the front’s heat of reaction being 
conducted away through the wire, which causes a 
small local reduction in frontal velocity. However, 
the effect is not significant enough to overcome the 
acceleration provided by the preheating effect. This 
‘wire acceleration’ is similar to the acceleration by 
convection described by Bazile et al.
18
 In that case, 
monomer heated in the frontal reaction zone was 
pushed ahead into unreacted monomer by 
buoyancy-driven convection, which varied based on the orientation of the sample. This 
additional mode of heat-flow accelerated propagation by increasing thermal transport. In our 
 
Figure 4.5. a) Infrared temperature image of FP in a 
microchannel. b) Temperature versus position along 
the frontal axis during propagation with wire-free, 
stainless steel wire, and copper wire. Peak 
temperatures from each sample have been aligned to 
compare the area directly ahead of the front.  
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system, thermal transport through the wire is more controlled and consistently establishes a 
steady state of propagation, which should be independent of sample orientation. 
Given that the magnitude of the acceleration effect is based on the amount of thermal energy 
transported through the wire, the channel diameter is likely to have a strong influence on its 
extent. For FP in a non-adiabatic environment, there exists a critical radius below which 
propagation will not be observed due to heat loss to the environment. In the previously explored 
microchannel FP system, this value was difficult to ascertain due to bubble formation by the 
inhibitor, which caused front quenching unrelated to heat loss.
16
 The use of the persulfate 
initiator allowed us to systematically vary channel size to determine a distinct range wherein the 
critical radius lies (Figure 4.6). In samples 
without wires, frontal velocity was observed 
to decrease with channel diameter from 1120 
um to 711 µm. No propagation was observed 
in 584 µm samples with or without wires. 
Thus, the critical diameter for this system is 
somewhere between 711 and 584 µm. To our 
knowledge, this is one of the smallest 
diameter channels that supports FP.  
The size of the channel also played a role 
in the acceleration effects produced by 
conductive elements. In the larger channels, samples with copper wire showed the greatest 
amount of acceleration, while in smaller channels, acceleration was more modest. This is likely 
because smaller channel sizes lose more heat to their surroundings due to their larger surface 
 
Figure 4.6. Frontal velocity of copper, stainless steel, and 
wire-free samples with different channel diameters. No 
propagation was observed in 584 µm channels. Error bars 
represent standard deviation. N=3. 
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area to volume ratio and, thus, use a greater fraction of their heat of reaction to preheat the wire. 
This attenuates the preheating-based acceleration by drawing heat away from the reaction zone. 
While we made efforts to keep the filaments as near the center of the channels as possible, some 
deviation was inevitable. Regardless, the standard deviation in frontal velocity among samples 
containing wires was small.  
4.2.3 Computational Modeling: Problem Description 
A key question is whether the observed acceleration is caused principally by wire’s 
thermal transport characteristics or whether fluid effects such as fingering and convection impact 
frontal velocity as shown in previous studies.
13,17
 The small scale of the channels may limit 
complex fluid phenomena, since we do not observe them visually, but a model that captures the 
observed acceleration behavior without introducing mass transport contributions would support 
our hypothesis. Furthermore, this model will expand the predictive power of the hypothesis and 
allow us to design future composite materials with FP in mind. 
Existing studies focused on the modeling of FP can be organized in two groups. The first 
approach, which relies on analytical solutions, is limited to certain reaction kinetics and 1-D 
domains. Goldfeder et al.
17
 analytically predicted the degree of monomer conversion and frontal 
velocity in an adiabatic acrylate FP system based on concentrations of reactants and initial 
solution temperature. In a related paper, Goldfeder et al.
20
 re-examined the FP process, but in a 
nonadiabatic environment. Viner et al.
12
 modified the solution to include non-polymerizing 
fillers that undergo a phase change. The second group of models are based on numerical 
solutions that are applicable to a wider range of reaction kinetics in arbitrary domains. In this line 
of work, Frulloni et al.
21
 employed an axisymmetric finite difference model using an alternate 
direction implicit method to model FP in epoxy. They investigated the influence of 
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physicochemical properties on the resin as well as boundary conditions on the evolution of FP. 
Numerical modelling lends itself well to the complexity of FP in non-uniform material systems, 
allowing for the exploration of different sample geometries, materials, and chemical kinetics.      
At the heart of the numerical model is the expression for the cure kinetics of the polymer, 
usually extracted from isothermal differential scanning calorimetry (DSC) experiments. 
However, the kinetics of radical polymerization for TMPTA showed a very strong temperature 
dependence by isothermal DSC, such that the only viable range for acquiring data was between 
30 and 40 °C. As we could not extrapolate this data to model the frontal temperature (ca. 200 
°C), we decided to adopt a different frontal polymerization system in our modeling effort. The 
frontal ring-opening metathesis polymerization (FROMP) of dicyclopentadiene (DCPD) by 
Grubbs’ catalyst has potential use in fiber-reinforced composite systems
22
 and exhibits kinetics 
that have been previously resolved by variable temperature DSC by Kessler et al.
23
  Although the 
chemical kinetics of FROMP are different from those of the acrylic FP described in the previous 
section, the thermal transport characteristics involved are essentially the same. Since both 
systems are known to undergo frontal polymerization, it is likely that many of the features 
associated with the FROMP of DCPD simulated hereafter are similar to those seen in FP of 
TMPTA, including the existence of a critical channel radius and the effect of a continuous 
conductive element. 
The thermo-chemical model adopted in this numerical study starts with the following 
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                      . (2) 
In (1) and (2), α denotes the degree of cure (non-dimensional), A is the time constant (in s
-1
), E is 
the activation energy (in kJ/mol), T is the temperature (in K), R is the universal gas constant 
(8.314 J/mol-K), while n and kcat are dimensionless constants determined experimentally.   
Denoting the total heat of reaction by Hr (in kJ/kg), the axi-symmetric, transient heat conduction 
equation is expressed as 
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where κ is the thermal conductivity (in W/m-K), ρ is the density (in kg/m
3
) and Cp is the specific 
heat (in J/kg-K).   
The coupled differential equations (1-3) are expressed in a non-dimensional form to 
construct a more generalized model. Let the non-dimensional time be τ = A t.  If the initial and 
ignition temperatures are respectively denoted by T0 and Ttrig, the non-dimensional temperature 
can be defined as 
    
    
        
. (4) 
Using the microchannel radius, Rc, as the characteristic length, the non-dimensional spatial 
coordinates are chosen as 
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The non-dimensional form of the heat conduction equation is then 
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Equations (6) and (7) are solved with the aid of the MOOSE (Multiphysics Object 
Oriented Simulation Environment) open source finite element software
24
. The time domain is 
discretized using the implicit Euler method, and the solution at each time step is obtained using 
the Preconditioned Jacobian-Free Newton Krylov scheme
25,26
. To lower the computational cost, 
an adaptive meshing procedure is adopted to capture the sharp temperature and degree-of-cure 
gradients present in the vicinity of the advancing front (Figure 4.7). 
 
Figure 4.7. Snapshot of the normalized temperature (θ) field, showing the adaptive mesh in the vicinity of the 
advancing polymerization front. 
 
The computational domain is shown schematically in Figure 4.8. The model is 
axisymmetric, with a conductive element of radius Rw and a microchannel radius Rc. The 
microchannel is embedded in PDMS, with a radius RPDMS chosen large enough (= 50 mm) to 
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represent an infinite PDMS domain surrounding the microchannel. All the boundaries are 
insulated. The ignited boundary is subjected to a fixed temperature Ttrig (= 340 °C) until the front 
initiates. Then the source is removed for the remainder of the simulation. The initial temperature 
in the whole domain is set at T0 = 20 °C. The values of the parameters defining the geometry, the 
thermal properties of the various components, and the cure kinetics model for DCPD are listed in 
the appendix. 
 
Figure 4.8. Schematic of the computational domain. The model assumes an axially-symmetric channel. 
 
4.2.4  Computational Modeling: Results 
4.2.4.1  1-D Modeling 
Simulations were first performed for a 1-D domain to see the behavior of a front in a 
purely insulated channel containing the monomer.  The domain was insulated at one end and the 
front was initiated from the other end.  Bulk polymerization was observed to occur 
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simultaneously with FP after an induction period. Bulk polymerization reflects the pot life of the 
material, which is known to be short for this chemical system.
27,28
  As a result, the front could 
only propagate a distance of approximately 12.5 cm.  Figure 4.9 presents the evolution of the 
cure state, showing that frontal polymerization progresses from the left end with bulk 
polymerization occurring simultaneously.  In light of this, the critical radius was defined as the 
microchannel radius that allows the front to cross 12.5 cm from the ignition boundary. 
 
Figure 4.9. Simulated frontal cure profile for a 200 mm 1-D domain at equal time intervals (Δτ = 3.44x10
6
), 
showing the competition between frontal and bulk polymerizations. No wire is present in this case. 
4.2.4.2  Axisymmetric Modeling 
Axisymmetric simulations (Figure 8) were first conducted under wire-free conditions (Rw 
= 0) and for different microchannel radii to extract the critical size of the microchannel below 
which no FP front propagates. These simulations showed that the front moved an increasing 
distance with increasing channel radius, before eventually quenching due to heat loss to the 
surrounding PDMS.  These simulations yielded the critical channel radius for propagation to be 
5.3 mm.  Figure 4.10 presents the normalized temperature and cure profile along the axis (r=0) 
for cases corresponding to a channel radius of 5 and 5.5 mm at three different times, showing 
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that the front stops before 12 cm for Rc = 5 mm, and crosses 12.5 cm for Rc = 5.5 mm.  Contours 
of the normalized temperature are shown in Figure 4.11.  It should be noted that bulk 
polymerization is significantly delayed in an axisymmetric domain due to the heat loss from 
channel to the surrounding PDMS.  
 
Figure 4.10. Normalized temperature (θ) and cure (α) profiles at r = 0 for a) Rc = 5 mm, and b) Rc = 5.5 mm at equal 
time intervals (Δτ = 2.29x10
7
). Simulations are performed for the wire-free case. Arrows point in direction of 
increasing time.  The front is quenched due to heat loss in (a), while FP is sustained in (b). 
 
Figure 4.11. Normalized temperature (θ) contour for a) Rc = 5 mm, b) Rc = 5.5 mm at time τ = 1.375x10
8
. 
Simulations are performed under wire-free conditions. The front is quenched at ~11 cm for the smaller channel (a), 
while the front continues to propagate at ~14 cm for the larger channel (b). Thus, the predicted critical channel 
radius for this physicochemical system lies between 5 mm and 5.5 mm. 
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As observed experimentally, the frontal velocity decreases as channel radius approaches 
the critical value.  This observation is confirmed in the simulations, as illustrated in Figure 4.12, 
which presents the evolution of the front position for three values of the channel radius.  
 
Figure 4.12. Effect of the channel radius Rc on the evolution of the front position for wire-free channels showing an 
increase in frontal velocity with increasing channel radius. This result is consistent with experimental observations, 
as higher heat loss in smaller channels reduces the frontal velocity. 
To model the effect of a continuous conductive element, simulations were performed 
with copper and steel wires.  The wire radius Rw was fixed at 0.5 mm, which is approximately 10 
percent of critical channel radius (5.3 mm).  This value was chosen as the wire diameter (80 μm) 
used in the experiments approximately represents 10 percent of the critical radius (~711 μm).  As 
apparent in Figure 4.13, the presence of a wire enables the furthest propagation during a given 
time interval, indicating an elevated frontal velocity compared to the sample without a wire; this 
is in agreement with experimental observations. The numerical results point to an increase in 
velocity in the presence of a conductive element in the channel, especially for the copper wire.  
The aforementioned change in the front shape observed in the experiments is also clearly visible. 
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Figure 4.13. Contour plots of the normalized temperature (θ) for a channel with a) no wire, b) 
steel wire, and c) copper wire obtained at τ = 5.73x10
7
 and with Rc=10 mm.  The front travels 
faster when a conductive element is introduced, and the difference in front shape is clearly 
visible. 
4.3 Conclusion 
Using a combination of experiments and simulations, this study has demonstrated that 
continuous conductive elements can increase the frontal velocity in FP systems. This increase is 
caused by monomer preheating due to thermal transport through the conductive element. FP was 
also achieved in some of the smallest channel volumes yet demonstrated, and the study has 
established the effect of channel diameter on the degree of increased frontal velocity caused by 
conductive elements. Computational modeling of the system allowed us to show that the effect is 
largely thermal in origin, although a small fluid component cannot be ruled out. Furthermore, the 
computational framework allows us to guide future experiments through determination of 
optimal fiber size, packing, and properties. Current results suggest that a conductive 
reinforcement, such as carbon fiber, may be desirable to facilitate FP along the fiber axis. 
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4.4  Experimental Methods 
4.4.1  Materials 
Trimethylolpropane triacrylate (TMPTA) was purchased from Aldrich. Prior to use, TMPTA 
was passed over basic alumina to remove unwanted inhibitor. Trihexyltetradecylphosphonium 
persulfate (TETDPPS) was synthesized according to literature procedures.
14
 Sylgard 184 PDMS 
was purchased from Dow-Corning. Nylon monofilament was purchased from Berkley Fishing 
Supply. Copper and stainless steel wires of 0.003 in (~80 um) diameter were purchased from 
McMaster Carr. 
4.4.2 Microchannel Fabrication 
Microchannels were fabricated by encasing nylon monofilament of different diameters (584 
µm, 711 µm, 762 µm, 828 µm, 1120 µm) in a 6 mm sheet of Sylgard 184 PDMS using a 
rectangular glass plate mold. Molds were cured for 30 min at 115 °C. After curing, the 
monofilament was removed, leaving behind channels of the same diameter. Samples were then 
cut into 5 cm long 6x6 mm sections for FP testing. Copper and stainless steel wires 80 µm in 
diameter were threaded through the channels by attaching one end of the wire to the nylon 
monofilament with superglue prior to its extraction from the PDMS. Removing the nylon 
monofilament cleanly threaded the wire through the channels. 
4.4.3  Frontal Polymerization 
TMPTA (2.75g, 9.2 mmol) was mixed with TETDPPS (42.5 mg, 0.0367 mmol) in a vial. The 
solution was thoroughly mixed and degassed under vacuum for 5 minutes. Each PDMS 
microchannel segment was affixed to a glass microscope slide, and the metal filament, if present, 
was pulled taut and secured to the slide with tape. FP was initiated by applying a soldering iron 
to the bottom PDMS surface of one end of the sample until propagation was observed (usually 
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~5 seconds), making sure not to contact the metal filament directly. All reactions were carried 
out within 30 minutes of mixing to avoid the effects of bulk polymerization. FP was recorded on 
video and frontal velocity was calculated based on the front position over time. Fronts were 
tracked starting ~20 mm from the initiation point to avoid any potential effect of the soldering 
iron on the FP. The front propagated horizontally. 
Frontal profiles were obtained by performing the above protocol under an Olympus X751 
microscope with an attached Phantom v7.3 high-speed camera recording at 1000 frames per 
second.  
Infrared temperature measurements were made with a FLIR, Model SC620 IR camera 
equipped with a macro lens. Samples were prepared with channels adjacent to the PDMS surface 
to allow maximum IR transmission, while retaining the monomer solution. FP was again 
performed according to the above protocol. 
4.5 Notes and References 
Notes: This is a collaborative work, with multiple contributors. I.R. authored the text relating to 
experimental design and results. I.R. and Emmy Pruitt performed the microchannel fabrication 
and FP experiments. Emmy Pruitt and Dr. Joshua Grolman performed the microscopy 
experiments. (4.2.1-4.2.2, 4.4) I.R. also authored the introduction and conclusion. (4.1, 4.3) 
Harshit Agarwal performed the computer simulations and authored related text. (4.2.3-4.2.4) 
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Chapter 5: Frontal Ring-Opening Metathesis Polymerization with Long Pot Life via 
Thermally Latent Catalysis 
 
5.1  Introduction 
 One of the principal limitations of frontal polymerization chemistry is the pot life of the 
system. After a certain amount of time, the thermally latent initiator will begin polymerization 
without specific stimulus. Eventually, this will deplete the amount of available initiator or 
monomer and prevent FP from occurring. This “spontaneous polymerization” (SP) is particularly 
problematic in frontal ring-opening metathesis polymerization (FROMP), where a highly 
reactive monomer such as dicyclopentadiene (DCPD) reacts with an inhibited Grubbs-type 
ruthenium catalyst. Previous examples of FROMP have allowed only 30 min before the reactants 
are no longer active toward FP. Many applications require greater working time to enable 
handling and processing of liquid monomer prior to initiation of FP. To this end we investigated 
two distinct approaches to extend the pot life of FROMP solutions: intrinsic and extrinsic 
latency. We define intrinsic latency as a FROMP system where the catalyst has been 
synthetically tailored to reduce reactivity at ambient temperatures, such that the system contains 
only monomer and catalyst. Extrinsic latency requires an active catalyst that is combined with an 
inhibitor to reduce reactivity.  
5.2  Intrinsic Latency 
Intrinsically latent catalysts are desirable for FROMP because they reduce complexity by 
limiting the number of components required for the reaction and provide an elegant solution to 
produce the necessary differential reactivity. A carefully designed ligand environment can access 
a broad range of reaction rates and control polymerization accordingly. A huge majority of the 
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thermally latent catalyst literature has focused on intrinsically latent catalysts.
1,2
 Thus, we 
initially focused on this approach to effect thermal latency for FROMP. Many thermally latent 
ruthenium metathesis catalyst motifs have been developed in the past 10 years. The most 
common design involves a chelating alkylidene.
2
 A chelating alkylidene catalyst is composed of 
a Grubbs-type ruthenium-NHC metathesis catalyst, where the alkylidene is covalently tethered to 
a strong electron donor. (Scheme 5.1) The electron donor coordinates to ruthenium trans to the 
NHC forming a two-point chelated ligand. The ligand geometry blocks olefin coordination at 
ambient temperature and prevents polymerization. However, at elevated temperature, the donor 
dissociates, allowing olefin coordination and subsequent metathesis to occur. After the catalyst 
has turned over, the donor is pulled away from the metal center and can no longer hinder 
reaction. This design has been shown to produce a switching behavior where minimal catalyst 
activity is observed until the solution raised above a certain temperature, at which point 
polymerization proceeds at a high rate.
3
  The chelating alkylidene design has attractive qualities 
for a FROMP catalyst, since the minimal activity at room temperature enables a long pot life, 
and the elevated activity at high temperature should produce a high frontal velocity.  
Scheme 5.1. Chelating alkylidene catalyst design. Electron donating substituent (X) is covalently 
tethered to the alkyliene moiety. Upon donor dissociation, olefin species may coordinate and begin 





5.2.1  Chelating Imine Design 
Our initial investigation of this strategy focused on 
three chelating imine catalysts published by Hejl et al. in 
2006.
4
 (Figure 5.1) These catalysts were shown to be 
stable for up to 30 minutes in neat DCPD at 33 ppm 
loading. The chelated imine catalysts were easily 
synthesized in two steps via a condensation of the 
aldehyde precursor with the corresponding aliphatic 
amine, and subsequent reaction with Grubbs’ 3
rd
 generation catalyst. This design would allow a 
straightforward synthetic route to tuning activity by changing the R-group on the imine nitrogen 
using various amine precursors. Catalysts 5a-c were synthesized as described with relatively 
poor yields, but in sufficient quantity to test their activity for FROMP. Solutions of 33 ppm 5.1a-
c and DCPD were subjected to FP in a standard descending mode format. FP proceeded well 
with the isopropyl and cyclohexyl 
imine catalysts; however, the methyl 
imine catalyst reacted on contact with 
DCPD, indicating an extremely short 
pot life. Further analysis showed that 
all three imine catalysts exhibited a 
shorter pot life than 2
nd
 generation 
Grubbs’ catalyst, suggesting the 
strength of the N-Ru interaction was 
insufficient to limit polymerization at 
Figure 5.2. Temperature profiles of vials containing 33 ppm 
catalyst 5b,c in DCPD. Catalyst 5a reacted too fast to be 
measured. Catalyst 5b exhibited an exothermic event after ~5 
min, while catalyst 5c remained stable for ~30 min. Notably GC2 
remains stable for ~50 min at this concentration.  
Figure 5.1. Chelating imine catalyst design. 
R-group can be varied through a simple 




ambient temperature. (Figure 5.2) In retrospect, these catalysts are not particularly latent towards 
DCPD despite their description in the literature, and are likely not be suitable for further 
development. As such, we sought chelating ligands with a stronger donor-Ru bond that would 
afford better results. 
5.2.2  Chelating Azo, and Triazene Catalysts 
The poor performance of the supposedly latent chelated imine catalysts suggested that the 
many thermally latent catalysts described in the literature were unsuitable for FROMP. These 
catalysts were shown to have reduced activity towards moderately strained olefins at low 
concentration and room temperature; however, the environment in a FROMP reaction is 
substantially more reactive. The catalyst is dissolved in a 7.4M solution of highly strained olefin 
that reaches ca. 200 °C at the front. As such, chelating ligands for FROMP catalysts may need to 
bind to ruthenium with a much higher affinity than those explored so far to engender an extended 
pot life. In search of literature precedent for such catalysts, we decided to explore chelating 
azobenzene and triazene catalysts 5.3a, 5.3b, and 5.3e which were described in the literature as 




Catalysts 5a-e were synthesized by Dr. Yanchuan Zhou via the route described by Wang 
et al. and Barbasiewicz et al.
5,6
 Each catalyst was then subjected to FP at 100 ppm in both DCPD 
and ENB. All 4 catalysts enabled FP in highly reactive 5-ethylidene norbornene (ENB), while 
only 5b-d enabled FP in DCPD. Pot lives in ENB were determined by tabletop rheology to lie 
between 100 min for 5a and 360 min for 5d. (Figure 5.3) This was a huge improvement over the 
ca. 1 min pot life observed with GC2 and 4 eq. DMAP. A crystal structure of 5.3c was collected 
to help determine why this species had better frontal velocity and pot life than 5.3b and 5.3d. 
(Figure 5.3c) No clear structural changes were visible. High levels of disorder in the butyl groups 
made their positions difficult to precisely verify, so they may play some role. 
 
Figure 5.3. a) Chelating azo, triazene, and quinolone complexes. b) Pot life vs. frontal velocity in ENB for catalysts 
5.3a-e and GC2 with 4 eq. DMAP inhibitor. The alkyl-triazene complexes exhibit relatively high frontal velocities 
and pot life in ENB. Interestingly, small changes to the alkyl group on the triazene moiety significantly altered 
FROMP reactivity. c) Crystal structure of 5.3c 
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While the triazene catalysts seemed promising, their use in FROMP consistently 
exhibited significant gas evolution leading to void formation in these samples. The resulting 
white, foamy polymers were similar to those seen in acrylate FP with a volatile initiator. Indeed, 
thermogravimetric analysis revealed a mass loss near the front temperature corresponding to 
decomposition of the azo group to release nitrogen. (Figure 5.4)  
Since the presence of voids in the resulting polymer would cripple the strength of the 
material, these catalysts were not developed further. However, given their high latency, they may 
present a useful design for future lower temperature FROMP reactions. 
5.2.3  Conclusion 
Intrinsic latency was successfully achieved in FROMP of DCPD using a chelating 
alkylidene approach. Four catalysts were demonstrated to allow FP, while producing an extended 
pot life. However, in addition to the limited thermal stability of these catalysts, it has become 
Figure 5.4. TGA analysis of catalyst 5.3c. The mass loss near 210 ˚C shows loss of the 
triazene ligand through formation of N2. Since FROMP typically reaches 210-220 ˚C, 
the substantial bubble formation is likely a result of nitrogen formation.  
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clear that the intrinsic latency strategy has limitations with regard to application in FROMP. The 
intrinsic latency approach is difficult to tune. Small synthetic modifications to the ligand 
environment produce significant changes to catalyst behavior that are not fully understood. Our 
current lack of understanding limits our ability to tailor the catalyst to achieve a specific 
combination of pot life and frontal velocity. The sole factor that can be carefully adjusted is 
catalyst concentration, which is inherently limited by the cost of the catalyst. Future systematic 
structure-activity relationship studies are required to develop this area of FROMP catalyst 
design.  
5.3  Extrinsic Latency 
5.3.1  Introduction 
Despite requiring an additional inhibitor, there are several advantages to extrinsic latency 
over intrinsic latency. In extrinsic latency, the inhibitor’s concentration can be changed to tune 
the reactive formulation. It also allows the use of widely available catalysts such as GC2, instead 
of requiring potentially challenging air-free synthetic techniques. Thus, earlier FROMP research 
exclusively focused on extrinsic latency, using inhibitors to extend pot life.
7–10
 
In the first demonstration of FROMP, Mariani et al. used triphenylphosphine as the 
inhibitor of first generation Grubbs’ catalyst in DCPD, affording a pot life of ca. 1 minute at 
room temperature.
7
 For FROMP to occur, the solution had to be flash-frozen and the reaction 
performed on the solid monomer, which would be non-ideal for processing large components. 
More recently, the more strongly coordinating 4-dimethylaminopyridine (DMAP) was used to 
extend the pot life to nearly 30 minutes.
8
 However, when DMAP was used with the more 
reactive exo-dicyclopentadiene monomer, the pot life was reduced to ca. 10 minutes.
10
 
Limonene, which forms a less active intermediate complex, was also used to retard the 
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metathesis reaction, extending the pot life to nearly an hour, but reducing the stiffness of the 
resulting polymer.  
5.3.2  Alkyl Phosphite Inhibitors 
A longer pot life is desirable for processing purposes whereby the liquid monomer 
solution needs to persist for >1 hour. Maintaining sustainable frontal polymerization activity is 
also important in order to avoid incomplete reaction resulting in materials of poor mechanical 
integrity. Recently, Cazin et al. have shown that replacing Cy3P with an alkyl phosphite ligand in 
a ruthenium-benzylidene or ruthenium-indenylidine Grubbs-type complex suppresses reactivity 
towards strained olefins such as DCPD at room temperature, while maintaining efficient 
reactivity at high temperatures.
11–15
 These authors did not, however, investigate the utility of 
alkyl phosphites in FROMP. Herein, we demonstrate that alkyl phosphites do serve a useful 
purpose as inhibitors for Grubbs’ 2
nd
 generation catalyst (GC2) in FROMP, thereby increasing 
pot life by up to 140x, while still allowing frontal polymerization at relatively high frontal 
 
Figure 5.5. Scheme for phosphite-inhibited FROMP reaction. Inhibition of Grubbs’ 2
nd
 generation ruthenium 
catalyst (conc. = 100 ppm) by alkyl phosphites produces stable solutions with endo-DCPD for >30h at r.t. that 
may be completely polymerized at any time via FROMP. The FROMP reaction shown here uses 0.5 equiv 
TBP to extend its pot life to >2 h, while maintaining a frontal velocity of ca. 7 cm/min. 
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velocities (Figure 5.5).  
Alkyl phosphites are known to bind strongly to metal centers despite their π-acidity due 
to enhanced backbonding by the metal.
16
 Recent work has shown that phosphites attached to 
metals also ligated to an N-heterocyclic carbene exhibit a synergistic bonding effect, whereby the 
phosphite-metal interaction is further strengthened, improving catalyst stability or effecting 
thermal latency.
12,15,17,18
 At room temperature, the phosphite is enthalpically favored to 
coordinate to the metal center of the ruthenium alkylidene, which inhibits polymerization of 
DCPD. At high temperature, increased entropic effects favor phosphite dissociation and enable 
ROMP to proceed with minimal hindrance.  With this in mind, we aimed to investigate the 
FROMP transformation using widely available GC2 in which a phosphite ligand serving as an 
inhibitor is added to dicyclopentadiene monomer. Since the tricyclohexylphosphine ligand may 
be displaced shortly after dissolution in the monomer, the dissolved phosphite will coordinate to 
the active catalyst and form a latent precatalyst complex in situ. (Scheme 5.2) Using phosphite as 
an inhibitor of variable concentration (rather than as a stoichiometric ligand) is expected to allow 
for control of the pot life and FROMP reactivity.  
Scheme 5.2. Upon dissociation of PCy3, free phosphite can coordinate to Ru and limit further reaction at room 
temperature. The formation of the latent complex may involve phosphite isomerization to the latent cis-form. 
Additionally, phosphite may coordinate to the propagating catalyst to form an analogous complex with reduced 
reactivity. 
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Trimethyl phosphite (TMP), triethyl phosphite (TEP), and tributyl phosphite (TBP), were 
tested as inhibitors for FROMP at a range of concentrations between 0.3 and 8 equiv to explore 
their effects on frontal velocity and pot life. This concentration range was chosen based on two 
practical considerations. It was difficult to accurately measure out phosphite below 0.3 equiv, on 
the scale described, since the volume would be <0.1 µL in some instances. Above 8 equiv, no FP 
was observed, so it would be impossible to correlate frontal velocity to pot life in these cases.  
We chose to use a 100 ppm concentration of GC2 in DCPD in all experiments to evaluate the 
effectiveness of the inhibitors.  
In FROMP, the pot life is limited by either rapid, exothermic polymerization or gelation 
of the material, after which processing is difficult. Pot lives of alkyl phosphite inhibited samples 
were dramatically increased even with concentrations of phosphite substantially less than 1 equiv 
relative to the ruthenium complex. Since it was difficult to accurately determine a specific time 
at which FROMP was no longer possible, we quantified the pot life as the working time of the 
 
Figure 5.6. Effect of alkyl phosphite inhibitors on pot 
life of FROMP solutions (100 ppm GC2 complex). 
TBP exhibits the greatest pot life extension, followed 
by TEP, followed by TMP. Application of 8 equiv TBP 
to catalyst can increase pot life by >140x. Error bars 
are standard deviation. N=3. 
 84 
system by measuring the time required for the mixture to reach its gel point. The gel point was 
determined via bulk rheology based on the crossover of shear storage and shear loss modulus. 
The time at which the gel point was reached in isothermal measurements (temperature = 23 ˚C) 
will be referred to as the pot life.  
As expected, in all cases pot life increased as inhibitor concentration increased (Figure 
5.6). All three of the tested phosphites dramatically improved the pot life of the system. 
However, despite their structural similarity, the chosen alkyl phosphites inhibited polymerization 
to different degrees. Samples inhibited with TBP exhibited the greatest effect. Even with 0.3 
equiv of TBP, the pot life was extended by 6-fold to ca. 1 h. With 8 equiv of TBP, the pot life 
was remarkably extended to over 30 h, by far the longest FROMP pot life reported in the 
literature. Inhibition by TEP showed a diminished effect compared to TBP. Samples with 0.3 
equiv of TEP also gelled in ca. 1 h, while with 8 equiv of TEP, samples gelled in 14 h. TMP 
showed the least effect, such that samples containing 0.3 equiv of TMP gelled in 35 min, while 
samples with 8 equiv of TMP gelled in 4 h.  
 
Figure 5.7. Effect of each alkyl phosphite on frontal 
velocity. While all tested phosphites slow frontal 
velocity, the effects are similar for all three compared 
to their disparate effect on in the pot life. Error bars are 
standard deviation. N=3. 
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5.3.3  Mechanism of Phosphite Inhibition 
Frontal velocity shows an inverse trend to pot life; greater quantities of inhibitor 
correspondingly reduce frontal velocity (Figure 5.7). However, unlike pot life, there was 
essentially no difference in the effect of the three phosphites on frontal velocity. Furthermore, the 
magnitude of reduction in frontal velocity is significantly smaller than the magnitude of the 
increase in pot life. The addition of 1 equiv of TMP, TEP, or TBP reduced the frontal velocity by 
only ca. 40% while the pot lives of these systems were increased by 700%, 1500%, and 2400% 
respectively. This difference in magnitude is attributable to low concentration of inhibitor in the 
solution coupled to a temperature-dependent ligand-metal association constant. At room 
temperature, the association constant is expected to be large and the rate of polymerization (kp) 
small. Thus, despite the low phosphite concentration, free phosphite readily binds to active 
catalyst, trapping it in a precatalytic state and minimizing spontaneous bulk polymerization. 
However, at high temperature, the inhibited precatalyst is activated, kp increases, and phosphite 
concentration is low, meaning there is a low probability of phosphite inhibiting catalyst before 
DCPD is depleted.  
We propose that the initiation rate of GC2 in DCPD is actually quite low at room 
temperature; however, GC2 has such a low rate of termination that a small concentration of 
active catalyst is capable of gelling the entire solution. As shown in scheme 1, when GC2 
initiates chain growth in the presence of phosphite, it is quickly “capped” by free phosphite to 
produce less active precatalyst that dissociates at high temperatures enabling ROMP. Thus, even 
with less than 1 equiv inhibitor the pot life is extended substantially by suppressing the initial 
concentration of active catalyst. A phosphite-catalyst complex was confirmed to slowly form in 
situ by 
31
P NMR during monomer curing, supporting this mechanism (Figure 5.9-5.14).  The 
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inhibition mechanism may involve an isomerization of the phosphite complex to the cis-form, 
which is known to exhibit latency; however, we were unable to confirm the isomeric form 
experimentally. While the observed inhibition efficiency does correlate to the size of the alkyl 
group, the effect is likely unrelated to steric bulk, since TMP, TEP, and TBP all have similar 
cone angles (107°-109°).
19
 One possible explanation is that the stability of each species toward 
hydrolysis is quite different.
20
 Imaev et al. showed the stability of phosphites toward water 
follows the trend P(OMe)3 < P(OEt)3 < P(OPr)3 < P(OBu)3. Trace water in the sample may 
decompose these inhibitors at different rates, leading to different inhibition efficiencies. The 
ultimate cause of these results will be the focus of future studies. 
The resulting polymer in all samples was transparent and exhibited a high strength and 
stiffness typical of fully cured PDCPD. Peak temperatures observed during FP with 0.3-1 equiv 
phosphite were ca. 215 °C. Peak temperatures of FROMP with 2-4 equiv phosphite were ca. 200 
°C, and peak temperatures of 8 equiv phosphite samples were ca. 175 °C. The lower 
temperatures seen in the samples containing 8 equiv phosphite are a result of substantial heat loss 
during the relatively slow FROMP. DSC confirmed that there was <0.2% residual reactivity in 
the FROMPed material from 0.3-4 equiv phosphite samples, while a small exotherm was 
observed in 8 equiv. phosphite samples indicating cure was not fully complete.  
5.3.4  Conclusion 
In conclusion, we have demonstrated that inexpensive and readily available alkyl 
phosphites improve the pot life of GC2/DCPD solutions by up to 140x while facilitating FROMP 
to form fully cured PDCPD. By varying phosphite concentration, pot life is easily controlled in 
the range of 1 to 35 hours – an order of magnitude longer than previous FROMP chemistries. 
The high inhibition efficiency of alkyl phosphites will enable FROMP of other highly reactive 
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monomers. This strategy is directly applicable to the polymerization of other norbornene-type 
monomers, enormously expanding the library of available FROMP chemistry. In addition to 
FROMP, we anticipate that phosphite inhibition will have applications in traditional ROMP by 
enabling access to slower reaction rates for highly active systems.  
 
5.4  Experimental Methods 
5.4.1  Materials 
Dicyclopentadiene (DCPD), 5-ethylidene-2-norbornene (ENB), 2nd generation Grubbs’ 
catalyst (GC2), and phosphite inhibitors (trimethylphosphite, TMP; triethylphosphite, TEP; 
tributylphosphite, TBP) were purchased from Sigma-Aldrich and used as received without 
further purification. Toluene was purified and dried by passing through two columns of neutral 
alumina under nitrogen prior to use (solvent purification system by Pure Process Technology). 
Since DCPD is a solid at room temperature, 5 wt. % ENB was added to depress the melting 
point. All references to DCPD herein refer to this 95:5 DCPD:ENB solution.  
 
5.4.2  Frontal Polymerization Experiments 
GC2 (3.21 mg) was weighed out into an Eppendorf tube and dissolved in 400 µL dry toluene. 
An appropriate amount of phosphite inhibitor (0-8 eq.) was added to the solution via volumetric 
syringe. The catalyst/inhibitor solution was then added to 5g DCPD, thoroughly mixed, and 
added to a 13x100 mm test tube. A soldering iron was applied to the test tube near the surface of 
the liquid, and FROMP proceeded in a descending mode. Once frontal propagation was 
observed, the heat source was removed and the propagation was monitored using a Canon Rebel 
T4i DSLR. Frontal velocities were calculated from the slope of the trendline best fitting the 
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position over time data. To confirm that the phosphite was not altering the catalyst’s reactivity 
prior to combination with DCPD, control experiments were performed where the phosphite was 
added to the DCPD directly and the catalyst added in a second step. No difference in FROMP 
reactivity was observed. Measurements of peak temperature were performed by inserting a 
thermocouple into the solution during FROMP. Frontal velocities decrease <10% in the time 
before gelation. 
 
5.4.3  Rheology Experiments 
Isothermal rheological measurements were performed with a TA Instrument AR-G2 rheometer 
equipped with 25 mm diameter parallel aluminum plates and a solvent trap. GC2 and the 
appropriate amount of phosphite inhibitor (0-8 eq. vs GC2) were dissolved in a small amount of 
dry toluene and mixed with a solution of DPCD and 5 wt% ENB. Time sweep measurements 
were performed at 23°C with a strain of 0.1% and a frequency of 1 Hz as the resin cured. Each 
sample was ~0.4 mL resulting in a gap of ~0.9 mm. 
 
5.4.4  Differential Scanning Calorimetry  
Differential scanning calorimety (DSC) measurements were performed with a TA Instruments 
Q20 differential scanning calorimeter with standard aluminum pans. Samples of frontally 
polymerized PDCPD (5-10 mg) were subjected to ramp scans from -10 °C to 250 °C at 10 
°C/min. No significant differences based on phosphite type were observed. Degree of cure was 
calculated by integrating the residual exotherm peak and comparing it to the total heat released 
during the polymerization of a 0.3 equiv TBP sample, ca. 380 J/g. All samples with phosphite 
loadings below 8 equiv exhibit <0.2% residual exotherm although we do typically observe a 
small peak near the Tg, possibly related to the “cyclopentene” metathesis reaction. This small 
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peak often overlapped with the glass transition, preventing accurate determination of the Tg. As a 
result, all Tg’s listed are approximate. (Figure S1) Samples with 8 equiv phosphite exhibited a 
very broad residual exotherm, suggesting an incomplete cure, however, since the peak is so 
broad, it is difficult to accurately estimate the degree of cure. We do note an effect of the 
phosphite loading on the Tg for the 4 and 8 equiv samples. Samples with 0.3-2 equiv phosphite 
exhibit a Tg between 120-130 °C, while 4 equiv samples exhibit a Tg between 110-120 °C. The 
Tg of 8 equiv phosphite samples was not clearly observed. 
 
Figure 5.8. DSC ramp scans for all phosphite formulations. Glass transition temperatures for 0.3–2 equiv 
phosphite are between 120-130 °C, while 4 equiv phosphite is lower and 8 equiv phosphite does not show a Tg. 
Curves are shifted on the y-axis to allow easier comparison.  
 
Table 5.1. Degree of cure for each phosphite formulation. Residual exothermic peaks for 8 equiv samples were 
too broad to be accurately measured. 
Degree of Cure (%) 
Equiv TMP TEP TBP 
0.3 100.0% 99.9% 99.8% 
0.5 99.9% 99.8% 100.0% 
1 100.0% 99.9% 99.9% 
2 100.0% 99.9% 99.9% 
4 99.9% 100.0% 99.9% 
8 - - - 
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5.4.5  NMR Spectroscopy  
NMR studies were performed on a Varian VXR500 BS. 
31
P spectra were referenced to an 
external 85% H3PO4 solution. Toluene-d8 was degassed by multiple freeze-pump-thaw cycles. 
Under an argon atmosphere in a glove box, Grubbs’ second generation catalyst (0.0212 mmol, 
18 mg) was dissolved in toluene-d8 (0.6 mL) and transferred to an NMR tube fitted with a screw 
cap containing a rubber septum. Trialkyl phosphite (0.0847 mmol, 4 equiv.) was added via 
syringe followed by DCPD (0.74 mmol, 100 µL, 35 equiv.).  
 
5.4.6  Analysis of Inhibition Mechanism by NMR 
To evaluate the proposed inhibition mechanism, the polymerization of DCPD was followed in 
solution by NMR spectroscopy at 20 °C with DCPD, GC2, and each alkyl phosphite. Initially, 
negligible ligand exchange is observed by 
31
P NMR. Cy3P exhibits its typical resonance at 30 





signals of GC2 are replaced by upfield resonances corresponding to phosphite-ligated Ru 






Equiv TMP TEP TBP 
0.3 123 120 131 
0.5 120 127 122 
1 121 126 128 
2 132 126 122 
4 109 111 118 
8 - - - 
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Figure 5.9. (a) 
1
H NMR spectra of the GC2/TMP/DCPD experiment. (b) The singlet at 19.5 ppm is assigned to 
Ru=CHPh. The growth of new peaks between 17 and 18.5 ppm with concomitant dispappearance of the alkylidene 






Figure 5.10. (a) 
31
P NMR spectra of the GC2/TMP/DCPD experiment. Excess TMP (141.5 ppm), Ru-PCy3 (30 
ppm) and free PCy3 (10 ppm) are observed. (b) The growth of peaks near 140 ppm matches the shifts seen for 
previously synthesized ruthenium alkyl-phosphite complexes, suggesting the formation of a phosphite-catalyst 






Figure 5.11. (a) 
1
H NMR spectra of the GC2/TEP/DCPD experiment. (b) The singlet at 19.5 ppm is assigned to 
Ru=CHPh. The growth of new peaks between 17 and 18.5 ppm with concomitant dispappearance of the alkylidene 






Figure 5.12. (a) 
31
P NMR spectra of the GC2/TEP/DCPD experiment. Excess TMP (139 ppm), Ru-PCy3 (30 ppm) 
and free PCy3 (10 ppm) are observed. (b) The growth of peaks near 130 ppm matches the shifts seen for previously 






Figure 5.13. (a) 
1
H NMR spectra of the GC2/TBP/DCPD experiment. (b) The singlet at 19.5 ppm is assigned to 
Ru=CHPh. The growth of new peaks between 17 and 18.5 ppm with concomitant dispappearance of the alkylidene 






Figure 5.14. (a) 
31
P NMR spectra of the GC2/TBP/DCPD experiment. Excess TBP (140ppm), Ru-PCy3 (30 ppm) 
and free PCy3 (10 ppm) are observed. (b) The growth of peaks near 130 ppm matches the shifts seen for previously 





5.5  Notes and References 
Notes: This is a collaborative work with multiple contributors. I.R. authored the text and 
performed the FROMP and DSC experiments. I.R. also synthesized catalysts 5.1a-5.1c. Dr. 
Yanchuan Zhao synthesized catalysts 5.3a-5.3e. Leon Dean performed the rheology experiments. 
(5.4.5) Dr. Gabe Rudebusch performed the NMR experiments. (5.4.5-5.4.6) 
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Chapter 6: Rapid, Low-Energy Manufacturing of Polymers and Composites via Frontal 
Polymerization 
 
6.1  Introduction 
Thermoset polymers and composites are integral to aerospace, automotive, marine, and 
energy industries as well as the next generation of light-weight, energy-efficient structures owing 
to their excellent specific stiffness and strength, their thermal stability, and their chemical 
resistance.
1–5
 Manufacturing high-performance thermoset components requires the monomer to 
be cured at elevated temperatures (ca. 180°C) for several hours under combined external pressure 
and internal vacuum.
6
 Curing is generally accomplished using large autoclaves or ovens that 
scale in size with the component. However, this traditional curing approach is slow, requires a 
large amount of energy, and involves significant capital investment.
6,7
 Here we report a well-
controlled frontal polymerization (FP) of a high-performance thermoset polymer that allows the 
rapid fabrication of parts with microscale features, 3D-printed structures, and continuous carbon 
fiber-reinforced composites using minimal external energy. We find that FP reduces the energy 
required for curing large components by more than ten orders of magnitude. Control of the 
polymerization kinetics at both ambient and elevated temperatures allows for stable monomer 
solutions to transform to fully cured polymers in seconds, reducing cure times by more than two 
orders of magnitude. The resulting polymer and composite parts possess similar mechanical 
properties to those cured conventionally. The FP curing strategy substantially improves the 
efficiency of manufacturing of high-performance polymers and composites and is widely 
applicable to many industries.  
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While the superior thermochemical stability and mechanical performance of thermoset 
polymers and their composites have facilitated widespread adoption of these materials in many 
sectors, their high cost of manufacturing in terms of time, capital investment, environmental 
impact, and energy motivates the need for more efficient alternative processes. For example, 
fiber-reinforced polymer composite (FRPC) materials typically employ a thermoset such as 
epoxy as the polymer matrix surrounding the reinforcing fibers. Current technologies for 
manufacturing high-performance FRPC parts rely on curing in large, expensive autoclaves or 
ovens. Curing a small section of the Boeing 787’s carbon fiber / epoxy fuselage is estimated to 
require 350 GJ of energy during its eight-hour cure cycle, producing more than 80 tons of CO2.
7
 
As a result, there has been much interest in producing these materials with less energy, reducing 




Frontal polymerization (FP) is a promising curing strategy that substantially reduces 
manufacturing burdens by employing the enthalpy of polymerization to provide the energy for 
materials synthesis, rather than requiring an external energy source. In FP, a solution of 
monomer and latent initiator is heated locally until the initiator is activated towards 
polymerization of the monomer, producing heat from the polymerization which further drives the 
reaction. The autoactivation process produces a propagating reaction wave that rapidly 
transforms the available monomer into polymer. FP has been used to synthesize a variety of 
polymeric materials including functionally graded polymers, nanocomposites, hydrogels, sensory 
materials, and FRPCs.
12–20
 Most of the materials employed in FP to date, however, are unsuitable 
for high-performance applications. For example, while acrylate monomers possess the requisite 
energy density and reactivity to frontally polymerize, their mechanical properties are inferior to 
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those used in FRPCs. Moreover, the need to 
process liquid monomer at room temperature 
with minimal background polymerization is 
essential for successful manufacturing of 
FRPCs. These limitations motivate the 
development of FP chemistry with a controllable 
and stable processing window, a high energy 
density and reactivity, and a mechanically and 
thermally robust polymer product.  
Herein, we demonstrate that well-
controlled FP facilitates the rapid production of 
high-performance thermoset and FRPC parts 
with minimal energy input. Furthermore, the process is compatible with commonly used 
Figure 6.1. Overview of frontal polymerization 
concept. a, Scheme for the FROMP of DCPD using a 
ruthenium catalyst (i.e. 2
nd
 generation Grubbs’ catalyst) 
and an alkyl phosphite inhibitor. b, Since the only 
requisite energy for frontal curing is the initiating 
stimulus, the process requires several orders of 
magnitude less energy than conventional curing, while 
also occurring faster and with less expensive 
equipment. References 1 and 6 describe manufacturing 
of a section of the 787 fuselage and a 900 cm
2
 carbon 
fiber panel respectively. The curing of a section of the 
787 fuselage by FP (red square) is calculated to reduce 
energy consumption by ten orders of magnitude 
compared to conventional techniques. c, The FROMP 
solution is triggered to polymerize in its liquid stage or 
allowed to form a gel at room temperature and later 
activated. In both cases, a rapid FROMP reaction 
transforms the liquid or gel into a durable thermoset 
polymer. 
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manufacturing techniques and produces high quality thermoset materials. Frontal curing of 
FRPCs is challenging since a high volume fraction of fibers is necessary to produce a composite 
material with good mechanical properties. As such, the FP chemistry must have a high molar 
enthalpy of polymerization and sufficiently high rate of polymerization to prevent front 
quenching. Fabricating small components with FP is similarly challenging since much of the heat 
of polymerization is lost to the environment through air or tooling boundaries.
21,22
 The frontal 
ring-opening metathesis polymerization (FROMP) of dicyclopentadiene (DCPD) using a 
thermally activated ruthenium catalyst exhibits the high energy density, high reactivity, and low 
viscosity required for the synthesis of high-performance thermosets (Fig. 6.1a). The resulting 
polydicyclopentadiene (pDCPD) is a cross-linked thermoset polymer suitable for the fabrication 
of durable resin and FRPC parts, owing to its high fracture toughness, impact resistance, 
stiffness, and chemical resistance.
23–25
 However, FROMP chemistry has been severely limited in 
the past by its short pot life of <30 min.
26
 Recently, we demonstrated that alkyl phosphite 
inhibitors substantially extend the room temperature liquid processing window for FROMP of 
DCPD up to 30 h.
27
 Here, we use phosphite-inhibited FROMP of DCPD to efficiently fabricate 
neat pDCPD and carbon FRPC structures. Compared to conventional curing, our FP strategy 
reduces energy requirements by more than ten orders of magnitude for large components (Fig. 
6.1b). As a proof of concept for large volume cure, we demonstrate the curing of a 2.2L cylinder 
of pDCPD in 103 s with a 52.3 J electric stimulus. (Fig 6.2) Phosphite-inhibited DCPD 
containing 2
nd
 generation Grubbs’ catalyst slowly transforms at room temperature from a liquid 
to a viscoelastic gel. Remarkably, the gelation of the monomer does not result in concomitant 
spontaneous polymerization, as observed with previous FROMP chemistries. Tuning the 
inhibitor concentration allows access to a range of rheological profiles between low-viscosity 
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liquid and free-standing elastomeric gel - all of which frontally polymerize upon thermal 
activation (Fig. 1c). 
 
 6.2  Gel-FROMP 
If the monomer is partially cured until it 
has formed a freestanding gel. These freestanding 
gels are deformable and easily embossed; the 
resulting patterned gel structure is quickly fixed 
into a rigid pDCPD structure via FROMP (Fig. 
6.3a-c) The gel is formed after a critical degree of 
polymerization and crosslinking has occurred, 
whereby the material no longer exhibits plastic 
deformation under mild stress. As a result, the 
rubbery gel can be handled and deformed without 
permanently altering the basic structure. Simple 
 
Figure 6.3. Advanced manufacturing with FROMP. 
a, FROMP in a free-standing gel, propagating radially 
from a single initiation point source. b-e, 
Macro/micropatterned pDCPD produced by gel-
FROMP. In b, a flat gel sheet is imprinted with 
ILLINOIS stamp before FROMP. In c, a flat gel sheet 
is rolled into a helix structure before FROMP. In d, and 
e, gel sheets are produced by molding at room 
temperature for 18 h followed by FROMP to solidify 
the micropattern. f, 3D-printing of gel DCPD solution 
that is solidified by FROMP immediately following 
extrusion from the print head. g,h, Freeform 3D-printed 
structures produced via FROMP. i, A corrugated carbon 
FRPC part fabricated by FROMP using vacuum 
assisted resin transfer molding. j, A 900 cm
2
 51% fiber 
volume fraction carbon FRPC panel cured by FROMP 
in 5 min using ~750 J. 
 
 
Figure 6.2. Large scale FROMP. A 2.2L volume of DCPD containing 100 ppm GC2 and 0.5 equiv TBP to catalyst is 
initiated by a brief thermoelectric stimulus.  A voltage of 3.3V carries 11A across a resistive heating wire for 1.44 s, 
requiring 52.3 J. The FROMP propagates outward from the intitiation point at the bottom of the cylinder to fully cure the 
part in 103 s. 
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folding of the gel and subsequent FROMP produces a permanent PDCPD structure with a 
complex geometry very quickly. (Figure 6.3c) Higher levels of stress will produce semi-
permanent deformation. For instance if a stamp is applied to the material surface with sufficient 
force, it will produce a pattern on the surface that remains static for several minutes. (Figure 
6.3b) FROMP can then lock the pattern in to produce a macropatterned thermoset without 
molding. Additionally, when liquid monomer is poured onto a micropatterned substrate, peeled 
off in the gel stage, and polymerized by FROMP, a high-fidelity replica is produced(Fig. 6.3d,e). 
Previous techniques for micropatterning stiff thermosets required a flexible mold to be fabricated 
from a micropatterned master prior to casting to allow peel-off of the mold from the stiff 
material. Here, we enable the same process in one step by casting the gel directly onto the silicon 
micropattern. 
When choosing a formulation for Gel-FROMP, there are several considerations. First, the 
gel must not undergo a spontaneous exothermic event during the RT curing process. For 
example, this was observed when casting large gels with formulations containing 0.3 or 0.5 eq. 
TBP. The larger geometry limits heat loss, and leads to a buildup of thermal energy in the center 
of the gel. Formulations with 1 eq. TBP and above gelled without incident. Each geometry and 
mold type will have a different critical concentration of inhibitor required to prevent SP, 
depending on the amount of heat loss. 
Second, in all cases, the gel must be allowed to reach a sufficient degree of cure to 
prevent substantial mechanical deformation upon handling. Comparing tactile results with the 
rheology profile for the curing of 2 eq. TBP showed that the point of minimum tanδ between the 
gel point and the “vitrification” transition was a reliable metric for determining when the gel 
would become stable. (Figure 6.5b) This point is referred to as T2. 
 105 
After T2, the gel cannot be allowed to cure for 
too long since it will limit FP. DSC shows that FROMP 
is limited after the gel reaches a degree of cure >0.5. 
(Figure 6.4) After this point, the thermal energy of the 
reaction is insufficient to overcome heat loss to the 
environment. (Figure 6.5c) 
The gel may be preserved for long periods by cooling. 
Gels kept in the freezer at -20 °C showed no loss of 
reactivity after 1 year of storage. (Figure 6.4) However, a kind of freezer burn does take place, 
where the DCPD monomer near the surface of the gel sublimes away over time, leaving behind a 
coarse, cracked texture. This may be alleviated by keeping the gel in a sealed glass mold for the 
duration, which will prevent the loss of monomer. 
6.3  3D-FROMPrinting 
The gel is amenable to 3D printing during the high-viscosity fluid stage (prior to T2), 
whereby the viscous liquid is extruded from a print head and frontally polymerized immediately 
upon exiting the nozzle, allowing for the simultaneous freeform printing and curing of thermoset 
polymers. (Figure 6.3f) Once the printing is complete, the part is fully cured and there is no need 
for further processing. Prior to printing, the FROMP solution is added into printing barrels, cured 
to the gel point, and then frozen to limit further reaction. The barrels may then be warmed to r.t, 
and loaded to the 3D-printer. The barrels are held at 10 ˚C during printing to extend the printing 
time by slowing the curing process. The gel is extruded onto a 70 ˚C surface, which initiates 
FROMP along the printed gel filament. The front propagates smoothly along the filament, 
following the print head along its path. Since the gel being extruded from the printhead is cold, 
Figure 6.4: A 2 eq. TEP (50 ppm GC2) 
left in the freezer at -20 °C exhibited a 
consistent frontal velocity over 1 year of 
storage, indicating minimal reactivity 
while frozen. 
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the front speed is self-limiting. As the front approaches the printhead, the temperature of the 
monomer is reduced, which slows the frontal velocity. Thus the front never propagates fast 
enough to polymerize the material inside the printhead. A variety of structures can be printed 
using this kind of freeform 3D design. (Figure 6.3e-g) 
6.4  VARTM FROMP of Carbon Fiber Composites 
In great contrast to traditional autoclave processing, we fabricate FRPC parts in < 5 min 
by FROMP of woven carbon fibers infused with the monomer solution (Fig. 6.3i,j). The very 
low viscosity of the liquid monomer at room temperatures (ca. 1.5 cP) allows for rapid infusion 
of the resin into high fiber volume fraction continuous fiber layups via out-of-autoclave 
processing techniques such as vacuum-assisted resin transfer molding (VARTM). FROMP is 
triggered by briefly powering a resistive heating wire embedded in the layup, which provides 
sufficient thermoelectric stimulus (Fig. 6.5a). The high reactivity of DCPD facilitates FROMP in 
thin FRPC laminates with up to 50 vol.% fiber reinforcement while remarkably reducing the 
manufacturing time and required energy. We can further reduce the manufacturing time by using 
multiple triggering points (Fig. 6.5b) or by propagating the reaction through the thickness using a 
resistive heater underneath the layup (Fig. 6.5c); however, commensurately more triggering 
energy is required in these configurations (Fig. 6.5a-c). We expected the relatively low monomer 
volume fraction in the FRPCs to reduce the frontal velocity. Surprisingly, the frontal velocity in 
the FROMP-FRPC (10 cm/min) was higher than that observed in neat resin for the same 
formulation (7.5 cm/min). We surmised that the carbon fiber conducts heat from the exothermic 
reaction and preheats a region of monomer ahead of the front, accelerating the reaction and 
producing a higher frontal velocity. A numerical simulation of a single fiber tow model 
experiment described below supports this hypothesis. 
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6.5  Computational Modelling for FROMP of Neat Polymers and Composites 
Using a simple model system consisting of a single carbon fiber tow of 3,000 individual fibers 
suspended in neat resin we observe that the carbon fibers accelerate FROMP and produce a 
distinct change in the front shape from flat to conical (Fig. 6.5d-e). To provide analytical insight, 
 
Figure 6.5. Composite fabrication and modelling. The FROMP curing of FRPC is a versatile process. a, 
Heating one embedded wire ignites a single front that propagates (left to right) to fully cure the FRPC. b, 
Heating two embedded wires (opposite ends) ignites two fronts that merge in the middle of the part. c, 
Heating the part from the below ignites a front that travels through the thickness and completes the cure in 
ca. 30 sec. Scale bar in a-c is 5 cm. d, A propagating FROMP reaction wave captured experimentally and 
via simulation. The optical difference between solid and liquid phases shows the front shape is slightly 
convex in the direction of propagation (left to right). This frontal shape is closely matched by simulation. e, 
In the presence of a single carbon fiber tow, the frontal shape is altered and the front is accelerated. The 
increase in front speed from d, to e, is roughly 10 %. Scale bar in d,e is 4 mm. 
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numerical simulations of the thermo-chemical problem are performed using a transient, nonlinear 
finite element solver. An adaptive meshing scheme is used to capture the sharp gradients in 
temperature and degree of cure in the immediate vicinity of the propagating polymerization 
front. As shown by the computed thermal solutions in Fig. 6.5d-e, the higher thermal 
conductivity of the fiber tow changes the thermal field ahead of the front, thereby modifying the 
shape and speed of the front. The numerical solver provides useful insights on FROMP by 
creating a direct link between the cure kinetics model and FROMP propagation. For example, 
simulations of multipoint initiation predict a temperature spike upon front convergence since the 
heat of reaction is no longer conducted away from the front. This thermal overshoot is observed 
in two-point initiation experiments (Fig. 6.5b) and may lead to material degradation near the 
location of merging fronts. It is therefore important to optimize the initiation strategy to 
manufacture FRPCs of excellent quality with minimal curing time and energy.  
6.6  Thermal and Mechanical Analysis 
Careful selection of phosphite inhibitor and concentration enables control of both room 
temperature rheological profiles and frontal velocity (Fig. 6.6a). Fig. 6.6b divides the rheological 
characteristics of a particular formulation into three regimes. Prior to the gel point, liquid 
FROMP is suitable for a wide variety of infusion techniques that require a low-viscosity resin. 
After the gel point, the material exhibits increased elasticity, enabling access to additional 
processing techniques. During the first part of this regime, the monomer solution is a viscous 
liquid suitable for 3D printing (vide supra). It exhibits shear-thinning behavior (Extended Data 
Fig. 1a) and is readily extruded from a print head under pressure. In the latter stages of this 
regime, the material forms a freestanding gel that is resistant to plastic deformation. This stage is 
useful for casting micropatterns and imprinting (vide supra). The regime ends with a secondary 
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“vitrification” transition that corresponds to the point at which there is no longer sufficient 
chemical energy in the reactive formulation to sustain FROMP. For larger concentrations of 
tributyl phosphite (TBP), this transition occurs > 40 h after mixing at 23°C, providing sufficient 
time for manufacturing. For stiff gel applications, a trimethyl phosphite (TMP) formulation that 
gels quickly may be desirable. For 3D printing and composite manufacturing, a longer 
processing window is desired; therefore, TBP or triethyl phosphite (TEP) should be used at the 
highest concentration possible while still enabling FROMP.  
The residual exotherm is monitored by differential scanning calorimetry (DSC) during room 
 
Figure  6.6. Characterization of FROMP curing approach. a, Gel time and frontal velocity are controlled by 
the phosphite identity (TMP: trimethylphosphite, TEP: triethylphosphite, TBP: tributylphosphite) and 
concentration (0.3, 0.5, 1, 2, 4, 8, equiv. to catalyst). FP was no longer observed with 9, 12, and 14 eq. of TMP, 
TEP, and TBP respectively. b, Representative rheological and thermal behavior for curing at room temperature 
(23 °C) of FROMP solution containing 1 molar equiv. TBP inhibitor (with respect to catalyst), showing three 
rheological regimes. The liquid FROMP stage is suitable for resin infusion/transfer manufacturing; after 
gelation both 3D printing and macro/micropatterning of gels are possible. After vitrification, FROMP is no 
longer possible. The residual heat at each stage is determined by DSC analysis. c, Young’s modulus and tensile 
strength for liquid-FROMP, gel-FROMP, and oven-cured pDCPD. A bisphenol A (BPA) aerospace-grade 
epoxy is shown for comparison. d, Fracture toughness for liquid-FROMP, gel-FROMP, and oven-cured pDCPD 
in comparison to BPA aerospace-grade epoxy. e, Young’s modulus and tensile strength for oven-cured (vf = 
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temperature curing to examine the effect of gelation on the cure profile and correlate the 
rheological transitions to the degree of cure (Fig. 6.6b). There is a slight shift of the exothermic 
peak to lower temperatures as the curing proceeds, and the peak broadens substantially This 
behavior suggests the reactive formulation becomes sensitive to increases in temperatures, which 
facilitates frontal polymerization in the partially cured state. The increase in reactivity may result 
from the formation of new catalyst species in situ, as seen in 
31
P NMR of the gelled material.
27
 
The pDCPD produced after both liquid and gel FROMP exhibits minimal residual exotherm, 
indicating a complete cure is achieved. 
FROMP-cured pDCPD exhibits comparable mechanical properties to conventional (oven) 
curing. The tensile strength and stiffness of pDCPD frontally polymerized from both the liquid 
and gel stage indicates FP provides the energy necessary for complete crosslinking of the 
monomer (Fig. 6.6c). Comparing the tensile properties of pDCPD to those of an aerospace-grade 
bisphenol A (BPA) epoxy system indicates this new curing strategy and matrix resin produces 
polymers suitable for use in high-performance applications. In fact, the enhanced fracture 
toughness of FROMP-pDCPD compared to BPA epoxy (Fig. 6.6d) may provide high-




Frontally polymerized FRPCs exhibit mechanical properties 
comparable to FRPCs manufactured using a conventional aerospace-
grade BPA epoxy system. The carbon fiber used in our FRPCs is 
surface-treated to interact with epoxy functional groups; we envision 
that greater tensile properties for pDCPD-FRPCs are possible by 
tailoring the interfacial interaction of the carbon fiber and pDCPD 
Figure 6.7. A FROMPed 
carbon FRPC demonstrating 
its strength under the I.D.R. 
load state. 
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through proper fiber treatments. The slightly lower tensile strength of FROMP-cured compared 
to conventionally cured specimens is attributed to a lower degree of cross-linking due to heat 
loss through the fiber reinforcement and tooling as well as residual stresses induced by the rapid 
thermal changes.  
6.7  Scale and Cost 
When discussing the possibility of curing large structures using ruthenium chemistry, the 
question of cost often rises to the surface. Ruthenium is known to be expensive, and using it in 
large quantities could prove economically infeasible. However, the concentration of ruthenium 
used in the FROMP reactions discussed herein are quite low and some simple calculations make 
it clear that ruthenium’s rarity should not be a limiting factor to the application of FROMP at 
large scale. Our typical FROMP reaction uses 100 ppm Grubbs' catalyst to DCPD, which comes 
out to 0.064 wt. %. So each kg of FROMPed PDCPD requires 640 mg GC2. The Boeing 787 
uses approximately 35 tons of CF for the total of 23 tons of composite.
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 Assuming the 
remaining fraction is epoxy polymer, there is approximately 12 tons or 10,900 kg of epoxy in the 
787. Since PDCPD is roughly 10% less dense than epoxy, an equivalent volume of PDCPD 
would be 9,800 kg. Thus, using current FROMP technology, the total ruthenium requirements 
come to 6.3 kg GC2 per 787. That's 750 g ruthenium per 787. At the time of this writing, ca. 
22,000 kg of ruthenium is mined per year and it is trading for $4.18 per gram. Thus, the total 
ruthenium in our hypothetical 787 would only cost ca. $3100. Of course the overall catalyst cost 
will be higher due to cost of ligands and synthesis, but considering the aircraft is priced between 
$200-300 million, it would likely remain economical. 
 112 
6.8  Conclusion 
We have developed and demonstrated a novel FP curing method for rapid, energy-
efficient manufacturing of thermoset pDCPD and FRPCs. In particular, FROMP of FRPC 
structures is achieved with several orders of magnitude less energy than with a conventional 
autoclave or oven curing approach, substantially reducing their manufacturing cost and carbon 
footprint. FP-curing is applicable to molding, imprinting, 3D-printing, and resin infusion 
techniques, and the polymers and carbon fiber-reinforced polymer composites thereby produced 
exhibit excellent mechanical properties, comparable to conventional fabrication techniques. We 
envision the controlled frontal polymerization of high-quality resins will facilitate a variety of 
new manufacturing technologies such as on-site on-demand manufacturing, in-the-field repair of 
FRPCs, and moldless production due to the spatiotemporal control over the curing process. 
6.9  Experimental Methods 
6.9.1  Materials 
Dicyclopentadiene (DCPD), 5-ethylidene-2-norbornene (ENB), 2
nd
 generation Grubbs’ catalyst 
(GC2), phenylcyclohexane, and phosphite inhibitors (trimethyl phosphite, TMP; triethyl 
phosphite, TEP; tributyl phosphite, TBP) were purchased from Sigma-Aldrich and used as 
received without further purification. For all FRPC specimens, the fiber reinforcement is Toray 
T300 carbon fiber 22 twill weave fabric (3,000 tow size, areal density = 204 g m
-2
). Resistive 
heating wire used to trigger the FROMP in manufacturing of neat resin panels and in FRPC 
manufacturing is a 26 gage Kanthal wire (D=0.40 mm, resistivity = 1.4×10
-4
 cm).  
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6.9.2  Frontal Polymerization 
Since DCPD is solid at room temperature, it is melted in an oven at 35°C and 5 wt.% ENB is 
added to depress the melting point. All references to DCPD herein refer to this 95:5 DCPD:ENB 
solution. This mixture is then degassed at 16 kPa overnight. In a typical experiment, 3.21 mg 
GC2 is weighed out into an Eppendorf tube and dissolved in 400 µL phenylcyclohexane. An 
appropriate amount of phosphite inhibitor (0-14 molar equiv. to GC2) is added to the solution via 
a volumetric syringe. The catalyst/inhibitor solution is then added to 5 g DCPD (10,000 molar 
equiv. to GC2) and thoroughly mixed.  
Unless otherwise specified, the solution is frontally polymerized immediately after mixing. 
Different types and concentrations of inhibitor are used for each manufacturing technique to tune 
the reaction kinetics based on the requirements of the target application. The various inhibitor 
concentrations and resin incubation times are summarized in Table 6.1. 
Table 6.1. Summary of inhibitor concentration and resin incubation time for different manufacturing 
techniques. 
Manufacturing technique Inhibitor type 
Inhibitor 
concentration 
(molar equiv. to 
GC2) 
Resin incubation time 
Liquid resin (rheology) TMP,TEP,TBP 0-14 <1 min 
Stiff gel FROMP TBP 2 18 h at R.T. 
3D printing TEP 0.5 160 min at 23.0°C 
FROMP-pDCPD neat panel (liquid 
FROMP) 
TBP 1 <1 min 
FROMP-pDCPD neat panel (gel 
FROMP) 
TBP 1 6 h 
Conventional-cured pDCPD neat panel TBP 1 <1 min 
FROMP-pDCPD FRPC TBP 0.3 <5 min 
Conventional-cured pDCPD FRPC TBP 1 <5 min 
TMP: trimethyl phosphite; TEP: triethyl phosphite; TBP: tributyl phosphite. 
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6.9.3  FROMP of Stiff Gel 
TBP (2 equiv. to GC2) is used as inhibitor for the free-standing gel specimens shown in Fig. 
6.3a-c. The solution is poured into a flat glass plate mold with a polyurethane rubber gasket. The 
solution is allowed to polymerize for 18 h at room temperature. The glass plates are then 
carefully removed and the freestanding gel is extracted from the mold. Gels are then either 
deformed by hand (Fig. 6.3a,b) or embossed with a plastic stamp (Fig. 6.3c) to create the pattern. 
A soldering iron is used to locally heat a single point on the gel, initiating FROMP reaction.  
For micropatterned specimens (Fig. 6.3d,e), a patterned silicon wafer is attached to a microscope 
glass slide with cyanoacrylate adhesive. A second microscope slide is used with a polyurethane 
rubber gasket to form a small glass plate mold. The same chemistry described previously for 
free-standing gel experiments is used to fill the mold, and the solution is allowed to polymerize 
for 18 h. The gel is carefully peeled off the micropatterned surface and examined via optical 
microscopy to confirm pattern transfer. The gel is then suspended pattern-side down between 
two microscope slides, and FROMP is initiated by applying a soldering iron to one end of the 
sample.  
6.9.4  Rheological Measurements 
Isothermal rheological measurements are performed with a TA Instruments AR-G2 rheometer 
equipped with 25 mm diameter parallel aluminum plates and a solvent trap. An appropriate 
amount of phosphite inhibitor (0-14 equiv. to GC2) is dissolved in the monomer solution. Time 
sweep measurements are performed at 23°C with a strain of 0.1% and a frequency of 1 Hz. The 
gel times plotted in Fig. 4a correspond to the crossover of the storage modulus, G', and loss 
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modulus, G'', as shown in Fig. 4b. For the shear thinning behavior of the 3D printable DCPD ink 
(Fig. 6.8a), viscosity and stress data were obtained in a flow sweep test with increasing shear rate 
at a fixed temperature of -5°C. 
 
Figure 6.8. Characterization of the DCPD gel used in 3D printing. a, rheological profile of the gel showing a 
shear-thinning behavior. b, Heat of reaction of the gel prior to printing and a printed specimen measured by DSC 
experiments. Minimal heat of reaction is observed in the printed polymer, indicating a 99.2% degree of cure. 
 
6.9.5  Heat of Reaction and Degree of Cure Analysis 
Differential scanning calorimetry (DSC) measurements are performed on a TA Instruments Q20 
DSC equipped with a CFL-50 cooling system. Samples are transferred into Tzero aluminum 
hermetic DSC pans and sealed. The sample mass is determined using an analytical balance 
(XPE205, Mettler-Toledo). The mass of liquid resin samples is carefully maintained between 2 
and 3 mg due to the highly exothermic nature of the studied reaction, since greater masses 
exceed the instrument’s ability to maintain a consistent temperature gradient. All samples are 
loaded into the DSC cell at room temperature. Cure profiles of liquid resins and gels are 
determined between -50°C and 250°C at constant ramp rates. The enthalpy of reaction is 
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determined through integration of heat flow over the exothermic peak after baseline correction. 
The specific heat capacity is determined between 25°C and 200°C by comparison with a 
sapphire standard.  
6.9.6  3D Printing  
A DCPD/GC2 solution containing 0.5 equiv. of TEP to GC2 is transferred into a 3 mL syringe 
barrel and left to stand at 23.0°C in an environmental test chamber (MicroClimate
®
, Cincinnati 
Sub-Zero Products) for 160 minutes to allow the cross-linking of the ink mixture to form a 
viscous liquid. Ink in the syringe barrel is then sealed with a piston and is ready for printing. The 
3D printer consisted of an air-operated high-pressure dispensing tool (HP 3CC, Nordson EFD) 
mounted on a robotic motion-controlled stage (JL2000, Robocasting Enterprises). The pressure 
actuation and stage motion is simultaneously controlled via a custom-designed software 
(RoboCAD 2.0). Air is supplied from a compressed air tank (Airgas) via an air-dispensing 
system (800, Nordson EFD). The print bed consists of an aluminum plate heated by a polyimide 
film heater (KH-608, OMEGA) to 70°C. Glass slides are placed on the print bed to capture the 
prints. The barrel housing is fitted with stainless steel dispenser tips before printing (inner 
diameters between 0.25 mm to 1.55 mm, Nordson EFD). This ink barrel is inserted into the 
dispensing tool, then cooled down to -5°C  3°C by surrounding the tool with dry ice. A few 
seconds after DCPD ink is printed on the heated glass slide, the front initiates via the heated print 
bed. The front then propagates along the filament, following the print head during printing.  
The rheological profile of the gel prior to printing is determined via isothermal flow sweep with 
descending shear rates at -5°C (Fig. 6.8a). The shear-thinning behavior of the gel is crucial for 
the 3D printing of freeform structures. The degree of cure of the unprinted ink and printed 
specimen is estimated by DSC to ca. 23.6% and 99.2%, respectively (Fig. 6.8b).  
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6.9.7  Fabrication and Testing of Neat Resin Panels 
A resin solution containing 1 equiv. of TBP to GC2 is used for the fabrication of both FROMP-
pDCPD and conventional-cure pDCPD resin panels. The resin mixture is degassed for 10 min at 
10 kPa and then poured into cell casting molds. A 215.9 mm  203.2 mm  6.4 mm U-shaped 
polyurethane spacer between two glass plates is used for tensile testing specimens, and a 139.7 
mm  127.0 mm  9.5 mm U-shaped polyurethane spacer between two glass plates is used for 
fracture toughness specimens. Panels are manufactured using liquid FROMP, gel FROMP, and 
conventional (oven) cure. Liquid FROMP panels are initiated immediately by applying an 
electric current to a resistive wire placed along one edge of the mold. The power supply is turned 
off as soon as frontal propagation is observed, and remains off for the remainder of the 
propagation. Gel FROMP panels are kept at 23°C for approximately 6 h, at which time the resin 
becomes a rubbery gel, before initiating the FROMP via a resistive wire placed along one edge 
of the mold. The power supply is turned off as soon as frontal propagation is observed, and 
remains off for the remainder of the propagation. Oven cure panels are cured for 24 h at 30°C, 2 
h at 70°C and 1.5 h at 170°C.  
For comparison, panels of an aerospace-grade bisphenol A (BPA) epoxy resin are also 
manufactured. A solution of Araldite LY 8605 (resin) and Aradur 8605 (hardener) is mixed 
(100:35 weight ratio) and then degassed for 1 h at an absolute pressure of 10 kPa. The epoxy 
system is poured into cell casting molds similar to those used for pDCPD panels. Samples are 
cured according to the manufacturer’s recommended cure cycle, which is 24 h at room 
temperature, 2 h at 121°C, and 3 h at 177°C.  
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Dog bone specimens for tensile testing are machined from the manufactured panels following 
ASTM standard D638 Type I dimensions. Single-edge-notch bending (SENB) specimens for 
fracture toughness tests are machined from the panels following ASTM standard D5045. 
Fracture toughness tests are conducted using an Instron 8841 with a 1000 N load cell. Pre-cracks 
are created by tapping a razor blade with a hammer. Crack lengths are optically measured using 
an optical digital microscope (VHX-5000, Keyance). A three-point bending fixture is used with a 
12 cm span, and tests are run at a crosshead speed of 10 mm/min. KIC is calculated according to 
the referred standard. Tensile tests are conducted using an Instron 5984 with a 150 kN load cell 
and a video extensometer is used to measure the strain. Tests are performed at an extension 
speed of 5 mm/min. Young’s moduli are calculated from 0.1% to 0.3% strain. 
6.9.8  Fabrication and Testing of Composite Parts 
For all composite specimens, 12 plies of dry fabric are used. For FROMP-pDCPD composites, 
0.3 equiv. of TBP to GC2 is mixed with the resin solution. A double-bagged vacuum-assisted 
resin transfer molding (VARTM) technique is used to infuse the fabric with the liquid resin. To 
minimize heat loss during cure and mitigate quenching of the front, the layup is prepared on a 
thermally insulating tool plate (448-D, Fibre Glast Developments Corp.). A low vacuum (64.3 
kPa) is applied on the inner bag using a vacuum pump (2047B-02, WelchTM DryFastTM) to 
infuse the resin. A 1.7 kPa vacuum is applied on the outer bag using a second vacuum pump to 
compact the layup and produce high fiber volume fraction cured parts. To initiate FROMP, an 
electrically resistive wire is placed within the fabric stack and connected in series to a DC power 
source. Once resin completely infuses the fabric stack, a constant electric current is applied 
across the resistive wire until FROMP initiates in the layup and then the power is turned off. 
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We evaluated the effect of three different curing modes on total cure time for a 10 cm  20 cm 
laminate (Fig. 6.5a-c). For the in-plane curing modes (Fig. 6.5a,b), a DC power supply powers 
the embedded wires for 20 s at 19 W per wire. For the through-thickness curing mode (Fig. 
6.5c), an AC power supply (L1010, Staco Energy Products Co.) powers the surface heater 
(SRFG-408/10, OMEGALUX) for 32 s at 320 W maximum rating. An FLIR SC620 thermal 
infrared camera is used to record the layup’s surface temperature and measure total cure time for 
each mode. Since thermal imaging is carried out on the surface of the FRPC layup, a 
thermocouple is also embedded inside the layup to measure the actual temperature of the FRPC 
during manufacturing. Infrared readings are found to be lower than the actual laminate 
temperature by around 30°C due to heat dissipation and radiation by the layup materials. 
The corrugated composite panel (shown in Fig. 6.3i) is prepared by stacking 12 plies of 13 cm  
23 cm fabric on a custom metal tool plate. To minimize heat loss to the thermally conductive 
metal tooling during cure, the entire layup is preheated to 50°C in a convection oven prior to 
resin infusion. The layup is then removed from the oven, and immediately infused with resin. 
Finally, the FROMP is triggered using the thermal stimulus via the embedded resistive wire. 
Conventionally cured pDCPD and epoxy composite panels are manufactured as a control for 
comparing the mechanical properties of the FROMP-cured composites. These panels are 
fabricated using a traditional wet-layup technique and then cured in a hydraulic press (MTP-13, 
Tetrahedron) under constant applied platen force of 13.3 kN. The matrix material for the 
conventional-cured pDCPD FRPCs is a resin formulation with at least 1 h pot life (1.0 equiv. 
TBP to GC2). The same cure cycle as the conventionally cured neat pDCPD panels is used. The 
matrix material and cure cycle for the epoxy composites is the same as the neat epoxy panels 
described previously.  
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The void content of produced laminates is determined by polishing the cross-sections of five to 
eight specimens taken from each FRPC panel and imaging them using an optical digital 
microscope (VHX-5000, Keyance). These images are then analyzed using ImageJ to calculate 
the total void area to cross-sectional area ratios for each specimen. Void volume fraction for each 
panel is then taken as the average void volume fraction across the analyzed specimens. Fiber 
volume fraction, Vf, of FRPC panels is calculated as,  
 
where fA is the areal weight of fabric, n is the number of plies, ρf is the fiber density, and t is the 
average laminate thickness measured by the optical microscopy of laminates cross-section. The 
quality of different FRPC panels is summarized in Table 6.2.  
Table 6.2. Comparison of FRPC panels made with different manufacturing techniques 
Manufacturing technique Void content (%) Vf (%) Degree of cure (%) 
FROMP-pDCPD FRPC 0.4 52 84.9 
Conventional-cured pDCPD FRPC 1.3 51 89.5 
Conventional-cured epoxy FRPC 0.3 52 TBD 
 
6.9.9  Computational Modeling 
In an axisymmetric setting, the governing partial differential equations describing the FROMP 
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where T (in K) and  (non-dimensional) respectively denote the temperature and the degree of 








) the specific heat,  (in kg m
-3
) 
the density, Hr (in J kg
-1
) the total enthalpy of reaction, r and z (in m) the radial and longitudinal 
coordinates, and t (in s) the time. The second equation corresponds to the cure kinetics model, 
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), n (1.7), and m (0.8) 
respectively denoting the pre-exponential factor, activation energy, universal gas constant, and 
two constants associated with the Prout-Tompkins model. The model also includes an added 
diffusion factor with C=14.5 and c =0.4 to describe the cure kinetics of the monomer along 
with the effects of diffusion.
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 The above governing equations are completed by the following 
initial and boundary conditions, 
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while adiabatic conditions are imposed at all other boundaries. The physical and thermal 
properties used in this study are listed in Table 6.3. 
Table 6.3. Material and thermal properties of various components used in computational modeling. 
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Monomer 0.15  980 350  1600 
Carbon fiber 10.45  1760 _ 795 
Glass 1.14  2230 _ 800 
 
The numerical analysis is conducted using the Multiphysics Object-Oriented Simulation 
Environment (MOOSE),
29
 an open source C++ finite element solver that includes mesh 
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adaptivity capability. The system of nonlinear partial differential equations is solved at every 
time step using a combination of the implicit Euler time stepping scheme and a preconditioned 




Figure 6.9. Simulation of FROMP reaction. a, Schematic representation of the axisymmetric model of FROMP in 
a glass tube. b,c, Propagation of reaction front in neat resin. d, Schematic representation of the axisymmetric model 
of FROMP in the presence of a carbon fiber tow placed at the center of the glass tube. e,f, Evolution of the 
polymerization front location and profile in the presence of a carbon fiber tow.  
 
The first simulation presented in Fig. 6.5d involves the frontal polymerization of DCPD inside a 
glass tube (Fig. 6.9a). The domain dimensions are L=7.5 mm, a=5.5 mm, and b=1 mm, with the 
domain length L chosen long enough to capture the quasi-steady-state propagation of the front. 
151,470 four-node quadrilateral elements are used to discretize the domain at the beginning of 
the simulation, and a maximum refinement level of 9 is applied to adapt the mesh in the vicinity 
of the advancing front. The polymerization is initiated by applying a ‘trigger temperature’ 
Ttrig=483.15 K for ttrig= 7 s along the left edge of the domain as shown in Fig. 6.9a. Fig 6.9b,c 
depict the associated temperature contours during polymerization. The simulation yields a 
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maximum temperature Tmax=223°C and velocity of the polymerization front V=6.4 cm min
-1
, in 
good agreement with the experimental results. 
To capture the effect of a carbon fiber tow as a conductive element on the propagation of the 
front, a second simulation is performed as shown in Fig. 6.9d, with a=5 mm, c=0.5 mm, , while 
the tube thickness b and tube length L are the same as the case without the tow. For this problem, 
the same mesh is used at the beginning of the simulation; however a maximum refinement level 
of 12 is applied to capture the exceptionally sharp gradients associated with the large mismatch 
in thermal conductivities between the carbon fiber tow and the DCPD resin (CF/resin=68.75). 
The reaction is initiated by applying Ttrig=473.15 K for ttrig=7 s. Fig. 6.9e,f, which present 
snapshots of the temperature contours during the frontal polymerization event, clearly show the 
effect of the conductive element on the front profile. The computed front velocity is found to be 
10% higher than the neat resin case. 
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Chapter 7: Potential Applications of Frontal Polymerization to Morphogenesis 
Manufacturing 
7.1  Introduction 
New functional materials are often biologically inspired since biomaterials have evolved 
many features that are desirable in synthetic structures. Bio-inspired features such as vasculature, 
hierarchical structure, and latent chemistries have been incorporated into multifunctional 
materials to provide various functionalities such as such as self-healing, stress and damage 
sensing, thermal and electrical modulation, and triggered transience. However, while the form 
and functions of these materials mimic their biological counterparts, their manufacturing differs 
substantially. Synthetic materials are fabricated through a plethora of different means – from 
milling and drilling to casting in molds to building on an assembly line. Nothing even remotely 
resembles eukaryotic cellular growth, where a single zygote develops into a trillion-cell 
organism with an enormously complex structure. Nature is able to produce the well-ordered 
functional materials in these organisms with no molds, no fasteners, and no power tools. A truly 
bio-inspired functional material should not only mimic the form and function of biology, but also 
the mechanism of growth. By so doing, these materials could obtain higher levels of complexity, 
while no longer requiring expensive tooling and assembly. This chapter will explore how 
biological materials develop their form, how synthetic materials have harnessed some of the 
chemical principles observed therein, and how future functional materials may be grown using 
the same set of principles.  
7.2  Background on Reaction-Diffusion Systems and Morphogenesis 
Nature’s biological patterns demonstrate a level of order that would seem to require 
significant cellular machinery in order to bring them about. However, many organisms begin 
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from a single, roughly spherical cell or group of cells possessing essentially no positional 
information. How do these uniform components break their symmetry to grow into the incredibly 
complex and varied structures found across the kingdoms of life? The wealth of information 
stored in the genetic code has led it to be the focus of most discussion of biological patterning. 
However, genetics remains insufficient to explain to evolution of ordered structures in many 
biological organisms. Alan Turing, the noted mathematician and codebreaker, became interested 
in the formation of these biological patterns and regular structures, known as morphogenesis. He 
posited that many of the patterns observed in Nature could be formed through the coupled 
reaction and diffusion (RD) of chemical species. Turing’s seminal paper on this topic, The 
Chemical Basis of Morphogenesis, describes the fundamentals of his theory.  Turing described 
agents of morphogenesis or “morphogens” as agents which “diffusing into a tissue somehow 
persuade it to develop along different lines from those which would have been followed in its 
absence”.
1
 In vivo, morphogens would typically be enzymes or other biological catalysts. 
Patterns could develop through local fluctuations in morphogen concentration. Normally, such 
fluctuations are fleeting and quickly averaged out toward equilibrium. However, if a catalytic 
morphogen is able to 
magnify its own 
concentration, a local 
fluctuation may become 
amplified to produce a 




Figure 7.1. Turing’s calculated morphogen pattern using a reaction-diffusion 
system (a) is strikingly similar to dappling patterns seen in nature, such as the 





morphogens is autocatalysis; that is the ability for a catalytic morphogen to generate more of 
itself. However, there must also be a morphogen that inhibits this reaction growth to prevent it 
from growing out of control, allowing it to form a pattern. Turing used these concepts 
mathematically to demonstrate that, given an unstable equilibrium of autocatalytic species, a 
pattern similar to those seen in nature could form. (Figure 7.1) His example in particular 
resembled the dappling seen on the skins of many animals. Patterns that form from such a 
symmetry-breaking RD system are now known as ‘Turing patterns’ and ‘Turing structures’. 
While the patterns manifest in a wide variety of colors, shapes, and textures, the underlying 
reaction structure is the same. The critical elements of Turing’s model were laid out clearly by 
Hans Meinhardt and Alfred Gierer.
2
  
They postulated that three general concepts were required for embryological 
morphogenesis: “short range activation, longer range inhibition and a conceptual distinction 
between effective concentrations of activator and inhibitor, on one hand, and the density of their 
sources on the other.”
2
 In other words, to form consistent patterns there must be at least two 
types of morphogens. One must be autocatalytic, to amplify chance fluctuations in concentration 
and break symmetry. The other must be an inhibitor that quenches the autocatalytic process. The 
autocatalytic reaction should produce both the catalyst and the inhibitor, while allowing the 
catalyst to outcompete the inhibitor. Critically, the inhibitor must diffuse faster than the 
autocatalyst to prevent the autocatalytic reaction from spreading to consume all the reactants and 
producing a chaotic result rather than an ordered one. A complete understanding of the reaction 




In nature, RD systems have been shown to produce Turing patterns in skin coloration, 
plant growth, and limb bud formation.  Notably, Raspopovic et al. showed that the formation of 
digits from limb buds in mice derives from a Turing-type reaction-diffusion system.
3
 This 
example is particularly important, since it demonstrates that Nature does in fact use reaction-
diffusion systems to generate structural biomaterials.  
As such, many studies have aimed to form analogous Turing patterns in abiological 
autocatalytic reactions. In many cases this has involved manipulating an existing non-
equilibrium reaction to create an observable pattern. The most widely applied reactions are the 
Belousov–Zhabotinsky (BZ) reaction, the Briggs-Rauscher (BR) reaction, and the chloride 
iodide malonic acid (CIMA) reaction.
4,5
 All are non-equilibrium reactions that exhibit an 
oscillating behavior in a stirred medium, such as in aqueous solution. The BR reaction is often 
used as a lecture demonstration for nonlinear dynamics due to its rapid, striking color changes. It 
switches back and forth between dark blue and pale yellow many times before exhausting the 
reagents and reaching equilibrium. The oscillating behavior is reminiscent of living tissue, which 
exhibits many periodic behavior such as in heartbeats, brain waves, and other biorhythms.
4
  
The BZ reaction was published in 1970; however, it wasn’t until 1990 that Castets et al. 
demonstrated 
oscillating chemical 




  Using the 
CIMA reaction, 
spatial patterns were 
Figure 7.2. By allowing the component of the chloride-iodide-malonic acid (CIMA) 
reaction to diffuse through a gel, stationary Turing patterns can be produced. Changing 
the concentration of the reagents switches the patterns from bands (a) to arrays of 





formed by limiting the diffusion of the reagents via incorporation into a gel. The following year, 
it was further demonstrated that feature size and type could be controlled.
6
 Depending on the 
relative concentrations of reagents, various patterns were shown to result, from bands of color to 
close-packed hexagonal patterns (Figure 7.2).  
While Turing patterns coupled to inorganic RD networks are interesting to study and 
potentially useful, they are difficult to control. It is possible to adjust reagent concentrations and 
even vary the reagents themselves to control reaction rates; however, diffusion is difficult to 
control beyond alteration of the reaction medium. As such, Zadorin et al. aimed to use DNA 
autocatalytic networks to produce chemical waves and Turing patterns.
7
 Recent advances in 
biotechnology allowed the researchers to rationally design DNA autocatalysts with control of 
both reaction rate and molecule size, thus controlling both reaction and diffusion. They were thus 
able to produce a French flag pattern from an initially uniform concentration profile.
8
 This was 
then coupled to the conditional aggregation of polymer beads to create a patterned material. 
DNA networks would be difficult to couple to most engineering material systems due to the 
requirement for aqueous conditions, but they allow insight into the fundamentals behind Turing 
pattern formation in non-equilibrium dynamics.
9
 However, these insights have yet to be applied 
to more functional RD systems. 
Little research has focused on the use of rationally designed RD networks to produce 
functional materials; however, the Grzybowski group has demonstrated a variety of examples of 
inorganic RD systems designed to produce two-dimensional patterned surfaces.
10
 In most cases 
this involved applying a patterned wet gel stamp to a dry gel and allowing osmotic forces to 
transfer a designed quantity of a cation or anion from the wet gel to the dry gel. Therein, a 






) to produce an insoluble salt (e.g. Ag4[Fe(CN)6]).  These precipitation 
systems produced surface patterns such as domes, pyramids, bands, and buckles resolutions from 
micrometers to nanometers. The inorganic species diffuse at different rates, and are thus able to 
act as morphogens. Precipitation RD systems are not truly autocatalytic, but can be thought of as 
autoactivating since the presence of precipitated salt accelerates further precipitation. These 
surface patterns may be useful for microlens arrays, microfluidic systems, diffractive elements, 
and as supports for cell studies. However the lack of feature control beyond the microscale and 
the confinement to two dimensions limits their application to macroscale manufacturing. 
Furthermore, since the reactive components are typically ionic, they are not amenable for use in 
organic solvents or neat nonpolar monomers, making it challenging to incorporate them into 
widely applied polymeric materials. 
7.3  Concept of Morphogenic Manufacturing 
 
There are two aims in performing morphogenesis in a synthetic medium. The first aim is 
to simply mimic nature by producing patterned materials using symmetry-breaking reaction-
diffusion networks. As previously discussed, recent advances have demonstrated simple systems 
for which this is possible, and it is desirable to extend these concepts to produce useful 
engineering materials. The second aim is to improve upon Nature’s model to perform 
morphogenesis beyond the constraints of biological organisms. Previous demonstrations of 
synthetic morphogenesis have been limited by the physics of reaction-mass diffusion. Even using 
extremely rapid reaction chemistry, morphogenic structures can only be grown as quickly as 
morphogens move through the reaction medium. Since this mass-diffusion is inherently slow, it 
is difficult to apply to manufacturing, where speed is critical to relevance. Interestingly, the 
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equations governing heat and mass diffusion are of the same form. In fact, Turing even notes this 
when describing chemical diffusion in relation to morphogenesis.
1
 Two coupled differential 




            (1) 
describes how the species concentration, C, changes with respect to time due to concentration 
gradients in multiple dimensions; the species diffusion coefficient in a given medium, D; and a 
volumetric generation term, R. The volumetric generation term is heavily dependent on the 
kinetics of the system under study. A simple system which is second order with respect to a 
reactant species, A, is shown below for the sake of completeness.  
          
 
 (2) 
The negative value of Rv,A reflects the consumption of the reactant species, A. The result is a 
coupled set of differential equations, which governs the diffusion of a species through a medium.   
Similarly, the heat equation, shown below, 
    
  
  
            ̇    (3) 
describes how temperature, T, changes with respect to time due to thermal gradients in multiple 
dimensions; the thermal diffusion coefficient, k; and a volumetric generation term,   ̇. Inherent 
to thermoset manufacturing is a volumetric generation term resulting from the heat released 
during a chemical reaction (equation 4).  
   ̇     
  
  
      (
   
  
)         (4) 
where Hr is the heat released during the reaction,  represents the extent of the reaction, Ea is the 
activation energy, and f() is a function which solely depends on the extent of reaction. Just as in 
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mass diffusion, the result is a set of coupled differential equations, which describes the diffusion 
of a heat through a medium.  
These modes of diffusion would then seem to be similar in first principles. However, 
thermal diffusion is between two and four orders of magnitude faster than mass diffusion. For 
instance, liquid water’s mass diffusion coefficient is ca. 1  10-9 m2/s, while its thermal 
diffusivity coefficient is ca. 1   10-7 m2/s.11,12 Thus, while there are differences between the two 
theories of diffusion, it is reasonable to suppose that a reaction-mass-diffusion system, such as 
morphogenesis, could operate with similar principles in a reaction-thermal-diffusion system but 
with much greater rates.  
The realization of morphogenesis in such a system requires a chemistry that can break 
symmetry using thermal autoactivation and inhibition operating in a thermal gradient rather than 
chemical autocatalysis and inhibition operating in a chemical gradient. In other words, catalytic 
and inhibitory morphogens must be designed to autoactivate with heat rather than only with 
morphogen concentration. Further coupling this thermal morphogenesis to a material synthesis 
reaction, e.g. polymerization, would facilitate rapid synthetic morphogenesis and enable its use 
in manufacturing. 
7.4  Relevant Incorporation of Frontal Polymerization 
 
The application of heat naturally accelerates reactions according to Arrhenius kinetics. 
Exothermic reactions thus become autoactivated by thermal stimulus (providing ΔS is positive or 
sufficiently small). As discussed earlier in this thesis, frontal polymerization makes use of this 
phenomenon to generate propagating waves of polymerization driven by thermal diffusion and 
subsequent chemical reaction. As described in chapter six, the resulting polymer structures can 
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exhibit excellent mechanical properties, useful for high-performance applications. Thus, the FP 
reaction already possesses two of the three key components necessary for thermal morphogenesis 
of synthetic materials: thermal autoactivation and a useful material product. The missing 
component is the thermal inhibitor. Current examples of FP demonstrate propagation in all 
directions from the initiation point. There is no control of material shape other than the 
boundaries of the container in which the reaction takes place. Once FP begins, it does not stop 
until the monomer is exhausted or it loses enough thermal energy to the environment that the 
reaction is quenched. In traditional morphogenesis, the inhibitory morphogen prevents this kind 
of uncontrolled reaction by diffusing more quickly than the autocatalytic morphogen and thus 
preventing the spread of autocatalysis beyond a certain boundary. This corralling effect leads to 
the pattern seen the ultimate biological structure. Applying the same principles to FP would 
require a heat-activated inhibitor that could quench the propagating reaction after sufficient 
growth. There are several forms this inhibitor might take. The most obvious is a chemical 
inhibitor that reduces the polymerization rate, thus reducing the thermal output of the 
autocatalytic reaction. The inhibitor could be formed through a high-temperature reaction or 
isolated within microcapsules that decompose above a threshold temperature.
13
 However, there 
are more subtle ways to inhibit the reaction. Since the catalytic thermal morphogen is essentially 
heat, the inhibitor can be anything that absorbs thermal energy without generating more. For 
instance a phase-changing material could act as an excellent physical inhibitor. The 
polymerization reaction’s thermal energy would then be channeled into the phase-change of the 
material rather than further autoactivation. In fact, phase change materials have already been 
studied for use in FP to prevent overheating.
14
  The elaboration of the concept into thermal 
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morphogenesis requires phase change materials that have a controllable melting temperature and 
a means to control their diffusion.   
With respect to diffusion, it is worth discussion as to how to control the distribution of 
morphogens in an FP-based morphogenic system. Most FP reactions occur in a relatively low-
viscosity liquid monomer. It is difficult to control diffusion in such liquids owing to complex 
fluid dynamics. For this reason, gels have most often employed to demonstrate synthetic RD 
pattern formation.
5,9
 As described in chapter six, DCPD can form well-defined gels if supplied 
with appropriate concentrations of Grubb’s 2
nd
 generation catalyst and an alkyl phosphite 
inhibitor. These gels can then undergo FP to form robust pDCPD. DCPD gels may be ideal for 
an initial study of FP-based morphgenesis, since they will allow for controlled diffusion of 
morphogens within a matrix known to frontally polymerize under normal conditions. 
Additionally, they may be useful for thermal morphogenesis. 
The catalytic morphogen in thermal morphogenesis is essentially heat; thus, 
implementing it analogously to traditional morphogenesis will be challenging, since is difficult 
for a either a chemical or physical inhibitor to diffuse at a greater rate. One solution would be to 
use an FP reaction that propagates slowly enough that an inhibitor could diffuse more quickly 
than the front moves. However, this approach may be limited in application, since thermal 
morphogenesis should increase rate of production. It will be important to develop a system that 
can act as though the inhibiting morphogen diffuses faster than heat, even though it does not. 
One example is a system with an evenly-distributed, heat-activated inhibitor that is more 
thermally sensitive than the catalyst. At the propagating front there will be a thermal gradient 
from ambient temperature to the front temperature and a reaction gradient from unreacted 
monomer to fully reacted polymer. As the front impinges on a specific location, the temperature 
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will rise before reaction accelerates. Thus, if the inhibitor is more temperature sensitive than the 
catalyst, it will be activated ahead of the reaction zone and will behave as though it propagated 
ahead of the reaction zone, faster than thermal conduction. Future studies should test these ideas 
and provide multiple avenues for investigation.  
7.5  Conclusion 
In any case, the two aims of synthetic morphogenesis should be approached in parallel. 
Mimicking Nature is a reasonable first step. Toward this end, it may be possible to create Turing 
patterns in a precursor state to the final product, such as a gel, using a more traditional 
autocatalyst/inhibitor pair.  FP would then propagate through the patterned medium to create the 
final structure. The Turing patterns could be designed to alter or quench propagation to produce a 
patterned structural material in three dimensions. This approach is similar to biological 
morphogenesis of limb buds, where separate digits manifest as a result of the RD system, and 
then grow into their functional forms via more traditional cellular processes. While synthetic 
morphogenesis is explored, thermal inhibitors should be tested since they are required to perform 
thermal morphogenesis. The insights derived from an exploration of synthetic morphogenesis 




7.6  Notes and References 
Notes: This chapter was written by I.D.R with the assistance of Evan Lloyd for the discussion of 
heat and mass diffusion. 
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